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Abstract
The low Reynolds number eﬀects of small-scale propellers were investigated. At the Reynolds numbers of
interest (below 100,000), a decrease in lift and an increase in drag is common making it diﬃcult to predict
propeller performance characteristics. A propeller testing apparatus was built to test small scale propellers
in static conditions and in an advancing ﬂow. Twenty-seven oﬀ-the-shelf propellers, with diameters ranging
from 2.25 in to 9 in, were tested in order to determine the general eﬀects of low Reynolds numbers on small
propellers. From these tests, increasing the Reynolds number for a propeller increases its eﬃciency by either
increasing the thrust produced or decreasing the power. By doubling the Reynolds number of a propeller,
it is not uncommon to increase the eﬃciency by more the 10%.
Using oﬀ-the-shelf propellers limits the geometry available and ﬁnding propellers of the same geometry
but of diﬀerent scale is very diﬃcult. To solve this problem, four propellers were design and built using
a 3D printer. Two of the propellers were simple rectangular twisted blades of diﬀerent chords. Another
propeller was modeled after a full-scale propeller. The fourth propeller was created using inverse design to
minimize power loss. Each propeller was built in a 5-in and 9-in diameter version in order to test a larger
range of Reynolds numbers. A separate propeller blade and hub system was created to allow each propeller
to be tested with diﬀerent pitch angles and to test each propeller in a 2-, 3-, and 4-blade version. From the
performance results of the 3D printed propellers, it was shown that propellers of diﬀerent scale, but tested
at the same Reynolds number, had about the same performance results.
Finally, the slipstreams of diﬀerent propellers were measured using a 7-hole probe. Propeller slipstreams
can have a large eﬀect on the aerodynamics of lifting surfaces downstream of the propeller. Small UAVs and
MAVs ﬂying in close proximity will also ﬂy into the propeller slipstream of a neighbor. These slipstreams
can produce relatively large gusts for very small and light aircraft, and the slipstreams can persist far
downstream. Knowing the characteristics of propeller slipstreams will help in designing aircraft that can
better handle close proximity ﬂight.
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Chapter 1
Introduction
1.1 Background and Motivation
The number of small Unmanned Air Vehicles (UAVs) being designed and built is growing. Besides being a
popular hobby in the form of remote-controlled (RC) aircraft, small UAVs are ﬁnding military and civilian
applications. Many of these UAVs are ﬁxed-wing aircraft and rotorcraft designed to carry small payloads and
are mainly used for surveillance and reconnaissance. A subset of the small UAVs is the Micro Air Vehicles
(MAVs), which have a maximum size of 6 in (15 cm). The small size of these aircraft leads to interesting
and diﬃcult aerodynamic concerns such as low Reynolds number eﬀects. Their small size also makes them
more sensitive to changes in the ﬂow around them than larger aircraft. These ﬂow changes can be from
natural turbulence in the air that occurs when ﬂying in an urban area or from the wake of another small
UAV ﬂying nearby.
Fixed-wing and rotorcraft UAVs each have their advantages and disadvantages. Like their larger coun-
terparts, the wings of a small ﬁxed-wing aircraft create the lift, and so as long as a hovering capability is not
required, the propulsion system does not have to be large. These type of aircraft can eﬃciently cruise to a
location and loiter for a given amount of time. While a wing is an eﬃcient way to produce lift, the aircraft
must always be moving, which can be a disadvantage during surveillance. Rotorcraft UAVs use rotors to
provide their lift and can hover over a stationary target. Their range is more limited due to the fact that the
rotor must provide the lift and thrust. However, their vertical takeoﬀ and landing capabilities give them the
option to land and takeoﬀ multiple times to conserve power. The light-weight nature of ﬁxed-wing aircraft
near the MAV size, along with advances in energy storage in batteries and eﬃcient electric motors, have
led to aircraft with large thrust-to-weight ratios, some even greater than one. These large thrust-to-weight
ratios allow the aircraft to be more maneuverable, and some even have the capability to hover. This maneu-
verability forces the designer of the aircraft to choose a propeller that is capable of working during all parts
of the ﬂight regime.
To help in the design of these small UAVs, the performance of the rotors needs to be known. The
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aerodynamics for these small propellers are diﬀerent than fullscale due to their size and airspeed, which lead
to lower Reynolds numbers. For propellers with a diameter around 10 in, the Reynolds numbers are typically
less than 100,000, and for 5-in and smaller propellers, the Reynolds number are less than 50,000. At these
Reynolds numbers, the viscous forces begin to have a larger eﬀect. Airfoil testing at Reynolds numbers of
40,000 to 500,000 has shown that the lift decreases and the drag increases as the Reynolds number decreases
with more pronounced eﬀects at 100,000 and lower [1–7]. Since propeller thrust is largely dependent on
the lift and power is largely dependent on the drag, the eﬃciency of a propeller is highly dependent on the
Reynolds number.
Low Reynolds number eﬀects can make design and analysis of small-scale rotors with numerical methods
such as Blade Element Momentum Theory (BEMT) diﬃcult. Another way to ﬁnd the thrust and power
of these rotors is to test them experimentally. There is a growing amount of data on the performance of
oﬀ-the-shelf small propellers with diameters of around 9 in to 24 in through experimental testing [8–12] but
less so on propellers with a diameter less than 5 in. Most experimental tests on 5-in and smaller propellers
and rotors are for speciﬁc aircraft, but as part of this research over 20 oﬀ-the-shelf propellers have been
statically tested by the author [13].
Measurements of the velocity and pressure in the propeller slipstream would be helpful in determining
the slipstream eﬀect on the aircraft. It is foreseeable that these aircraft might ﬂy in formations or swarms
so they will probably be aﬀected by the wakes of one another. Slipstream measurements will help determine
how far these slipstream eﬀects persist downstream of the aircraft.
1.2 Literature Review
According to Mueller et al. [14], a small UAV has a wingspan of less than 20 ft (6 m) and a weight of less
than 55 lb (25 kg). Small UAVs have been popular with hobbyist as small RC aircraft, but interest in small
UAVs by the U.S. military came in the 1970s when advances in electronics miniaturized video cameras and
transmitters [14]. In the 1990s, the Defense Advanced Research Projects Agency (DARPA) deﬁned a new
class of UAVs that were smaller than 6 in. This new type of aircraft was called the Micro Air Vehicle (MAV).
Many small UAVs and MAVs have been designed and tested with the goal of being used for surveillance
and reconnaissance. The company AeroVironment has designed several small UAVs used by the U.S. military.
These aircraft range in size from the WASP III with a wingspan of 2.4 ft (72 cm) to the Puma AE with a
wingspan of 9.2 ft (280 cm). The company has also designed MAVs such as the Black Widow that has a
wingspan of 6 in (15 cm), weighs 2.8 oz (80 g), and uses a 4-in propeller. The Navy Research Laboratory
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(NRL) has been developing small UAVs since the 1990s. Their MITE series of aircraft range in size from
10 to 24 in (25 to 61 cm). These aircraft use two propellers for thrust and have a diameter of around 6 or
7 in depending on the MITE version. MAVs are also being built at several universities. Mueller et al. [14]
discusses the work of the ﬂexible-wing MAVs at the University of Florida that use the Union U-80 propeller
and the MAVs designed at the University of Arizona that also use the Union U-80 propeller and the GWS
Direct Drive 3×2 propeller. Rotorcraft MAVs have also been built and tested at diﬀerent Universities and
include the LUMAV from Auburn University and the MICOR for the University of Maryland. Both of these
aircraft used a rotor with a diameter of about 6 in (15 cm) [15]. The quadrotor is a rotorcraft design that
uses four rotors for lift and control. This type of aircraft has quickly gone from a hobby toy to a research
vehicle and ﬁnally to possible military and civilian use. The design is easily scalable with designs ranging in
weight from 2.6 oz (75 g) to 5 lb (2.2 kg). As small UAVs and MAVs became more popular, it was apparent
that data on the propellers they were using as thrust were lacking. One way to provide this data is through
static and wind tunnel tests.
Some early work on propellers operating at low Reynolds numbers was performed by Borst et al. for
the U.S. Army in the late 1970s [16]. The purpose of the work was to design and analyze the propeller for
a small remote control aircraft. The size of the propeller had a Reynolds number in the range of 300,000.
From their work, it was shown that the BEMT analysis they were using provided excellent results compared
to experiments when the Reynolds number was above 500,000. The reason for the good agreement was
that airfoil data was available for those Reynolds numbers. Airfoil data below 500,000 was lacking, so the
decrease in airfoil Cl and the increase in Cd associated with lower Reynolds numbers was not clearly known.
Of major concern was trying to predict the proﬁle losses due to an increase in the airfoil Cd. From this work,
it is concluded that a good prediction of propeller performance needs accurate airfoil data at the correct
Reynolds numbers.
In the mid-1980s, Bass performed a series of wind tunnel tests on small-scale propellers [17]. The purpose
of the tests were to determine what scale size could be used during testing and still be able to predict full-
scale performance. Bass stated that the performance results for a model with a Reynolds number less than
500,000 was diﬀerent enough due to viscous eﬀects that the performance for the full-scale version could not
be predicted from the scale version.
An increase in testing small-scale propellers that were appropriate for small UAVs began in the 2000s.
For his Master’s thesis [8], Brandt designed a wind tunnel balance to measure the thrust and torque of
propellers in the UIUC low-turbulence subsonic wind tunnel. From these tests, a clear Reynolds number
dependence was apparent in the performance data. As the Reynolds number on the propeller increased,
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the propeller eﬃciency increased. This increase was due to an increase in thrust, a decrease in power, or
both. In total over 100 oﬀ-the-shelf propellers ranging in diameter from 7 to 13 in have been tested with
this setup and the data are available online [18]. Around the same time at Wichita State University, over
60 oﬀ-the-shelf small-scale propellers were also being tested in their 3×4 ft low speed wind tunnel [9]. The
diameter range for these tests was larger than the tests at UIUC and was from 6 to 22 in. An interesting
result from these tests was a study in the variation of performance between two of the same propellers. Two
molded APC 16×12E propellers had nearly identical performance while two wooden Zinger 16×6 propellers
had distinct diﬀerences. Wind tunnel tests at the Oklahoma State University were for oﬀ-the-shelf propellers
with diameters ranging from 14 to 24 in [11]. These tests clearly show a Reynolds number eﬀect on the
APC 18×12 propeller with an eﬃciency increase of 5% for Reynolds number increase from 40,000 to 100,000.
Most of the eﬃciency increase was due to an increase in the thrust coeﬃcient at those Reynolds numbers.
More test on propellers in the 17- to 24-in diameter range have also been performed by Baranski et al. [12].
The purpose of these tests was to match propeller performance to an existing engine in order to maximize
endurance and range.
Ol et al. [10] and Moﬃtt et al. [19] have used the recent small-scale propeller tests to create analytical
models of these propellers. Ol wind tunnel tested propellers with diameters from 6 to 20 in and compared
them with results from Brandt and Merchant [8, 9]. Wind tunnel results were also compared to a BEMT
code where airfoil data came from XFOIL simulations of 2D propeller blade slices down to Reynolds numbers
of 25,000. Results showed that the BEMT results were sensitive to the twist angle of the propeller and the
Reynolds number of the airfoil sections. Moﬃtt [19] compared Wichita State data to propeller vortex theory
where airfoil data was also simulated in XFOIL down to Reynolds number of 100,000. The vortex theory
code over predicted both the thrust and power at low advance ratios.
Besides the tests for oﬀ-the-shelf propellers discussed above, there have also been recent tests on rotors
for small-scale rotorcraft. Young et al. [20] summarized the work on micro-rotorcraft (MRC) at NASA Ames
especially in the area of hover performance. The static performance of rotors with diameters ranging from
17 in (43 cm) to 22.5 in (57.2 cm) were tested. These 2-bladed rotors were tested at rotational speeds of
800 to 1000 RPM, which corresponded to tip Reynolds numbers of 26,000 to 39,000. Maximum hover ﬁgure
of merits (FM) were found to range from 0.35 to 0.55 for these rotors. Bohorquez et al. [21, 22] designed
a setup to test the hover performance of several rotors. One test was for a set of four rotors all with a
diameter of 6.76 in (17.17 cm) but with diﬀerent cross-sections: ﬂat plate, NACA 0012, and 8% cambered
with and without twist. The maximum FM for the ﬂat plate was about 0.3, the NACA 0012 was about 0.4,
and the cambered airfoil was about 0.55. Oil ﬂow visualization was also performed and laminar separation
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bubbles were observed. The performance data from the rotors were used in a BEMT code to try to estimate
the airfoil lift and drag. Two other rotors were tested with diameters of 3 in (75 cm) and 8.9 in (225 cm).
Reynolds numbers for these blades ranged from 9,700 to 19,500 for the 3-in rotor and 26,200 to 39,300 for
the 8.9-in rotor. Maximum FM from 0.3 to 0.6 were observed. Kim et al. [23] are another group that built
a test setup to test the static performance of a 13.8-in (35-cm) rotor. The rotor was tested so the rest of the
rotorcraft could be designed around it. Besides measuring the thrust and torque, an anemometer was used
to measure the induced ﬂow. The purpose of measuring the induced ﬂow was to determine where to place
anti-torque vanes, which were two wings in a cruciform conﬁguration placed behind the propeller.
The nature of the ﬂow around a rotor have been of interest since the beginning of human ﬂight. Research
from as early as 1918 out of the Aeronautical Research Committee in Britain looked into this. Pannel
and Jones [24] studied the ﬂow around a propeller in order to understand how far downstream the eﬀects
of the slipstream could be measured. While this work was requested by airship builders since propellers
were interfering with the rudder, the results are still of importance. Measurements were taken at diﬀerent
points ahead and behind a propeller and were done using a yaw meter to determine the ﬂow direction and
magnitude. An important result from this study is that the swirl from the propeller was still observed eight
diameters downstream. Other important studies on the ﬂowﬁeld of propellers from Britain include Stanton
et al. [25] and Fage et al. [26] Stanton used pitot probes to measure the total pressure behind the propeller,
and from this information was able to calculate the thrust of the propeller. Fage used measurements behind
the propellers as a way to compare experimental data to momentum theory. He found that momentum theory
slightly over predicts the contraction of the slipstream but overall agrees well with propeller performance.
More recent studies into the ﬂow near rotors include Maresca et al. [27] where a hot ﬁlm wedge-shaped
probe measured the instantaneous velocity in the wake of a helicopter rotor. A variety of methods such as
X-wire anemometry and two-dimensional laser velocimetry were used by Favier et al. [28] to measure the
near- and far-wake regions of a rotor. Gamble et al. [29] used a triaxial hot-wire anemometer to study the
propeller-wing interactions of a MAV.
1.3 Objectives
The overall goal of this research is to understand the Reynolds number eﬀects on small-scale propellers and
to determine the characteristics of the slipstream of small-scale propellers. To accomplish this goal, two
objectives were set, as outlined below.
• Determine the Reynolds number eﬀects on small-scale propeller performance.
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– Develop a testing apparatus that is capable of measuring the small forces and torques on low
Reynolds number propellers.
– Use the performance results from oﬀ-the-shelf propellers to characterize the general Reynolds
number eﬀects on CT and CP in both static and advancing ﬂow conditions.
– Evaluate the scalability of performance results by comparing the performance of 3D printed
propellers of known geometry but of diﬀerent scales.
• Understand the slipstream characteristics of small-scale propellers.
– Use a 7-hole probe to evaluate the behavior of the slipstreams of small-scale propellers in static
and advancing ﬂow conditions.
– Characterize the Reynolds number eﬀects on static and advancing ﬂow slipstreams.
– Determine the scalability of the velocity proﬁles in a slipstream.
– Determine the eﬀect on the slipstream of a ﬂat plate behind the propeller.
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Chapter 2
Experimental Methodology
2.1 Equipment
Propeller tests were conducted in the UIUC low-turbulence subsonic wind tunnel. The wind tunnel is an
open-return type with a 7.5:1 contraction ratio. The rectangular test section is 2.8×4.0 ft (0.853×1.22 m)
in cross section and 8-ft (2.44-m) long. To account for the boundary-layer growth at the side wall, the
width increases by approximately 0.5 in (1.27 cm) over the length of the test section. In order to have low
turbulence levels at the test section, a 4-in (10.2-cm) honeycomb and four anti-turbulence screens are in the
settling chamber. The resulting turbulence intensity for an empty tunnel has been measured to be less than
0.1% at all operating conditions [30]. A 125-hp (93.2-kW) AC motor driving a ﬁve-bladed fan is used to
control the test-section speed up to 160 mph (71.5 m/s). The maximum test-section speed for these tests
was 80 ft/s (24.4 m/s). Test-section speeds were measured using a MKS diﬀerential pressure transducer
connected to static ports at the settling chamber and at the beginning of the test section. For test-section
speeds below 40 ft/s, a MKS 220 1-torr transducer was used, and for speeds greater than 40 ft/s, a MKS 221
10-torr transducer was used. Ambient pressure was measured using a Setra Model 270 pressure transducer,
and ambient temperature was measured using an Omega GTMQSS thermocouple.
Propeller performance was measured using the thrust and torque balance shown in Fig. 2.1. Thrust was
measured outside of the tunnel test section using a T-shaped pendulum balance that pivoted about two
ﬂexural pivots and was constrained on one side by a load cell [8]. The Interface SMT S-Type load cell with
a load capacity of 2.2 lb (9.8 N) was used for propellers with a diameter of 5.5 in (14.0 cm) and smaller,
and the Interface SM S-Type load cell with a load capacity of 10 lb (44 N) was used for larger propellers.
The balance was designed to allow the load cell to be placed in 10 diﬀerent locations in order to use the full
range of the load cell based on the thrust produced. The load cell locations ranged from 3.25 in (8.26 cm)
from the pivot point to 7.75 in (19.69 cm) in 0.5-in (1.27-cm) increments. A preload weight was added to
the balance on the opposite side to the load cell. This preload weight kept the load cell in tension during
all aspects of testing to make sure the load cell would not slip during negative thrust conditions.
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Figure 2.1: Propeller thrust and torque balance. Figure 2.2: Propeller balance enclosed in fairing.
The torque from the propeller was measured using a reaction torque sensor (RTS) from Transducer
Techniques. Propellers with a diameter of 5.5 in and smaller used a transducer with a capacity of 5 oz-in
(0.0353 N-m) while 9-in propeller used a 25 oz-in (0.177 N-m) transducer. The torque cell was placed between
the motor sting and the support arm of the thrust balance. To remove the torque cell, motor sting, balance
support arm, and any wires from the propeller slipstream and test section velocity, a fairing surrounded the
setup as shown in Fig. 2.2. The fairing spanned the test section from the ﬂoor to the ceiling in order to
keep the test section ﬂow symmetric. The NACA 0025 airfoil with a 24-in chord was used for the fairing
to provide the necessary width required for torque sensor, motor sting, and all wires. The motor sting was
long enough for all the propellers to be more than 1.5 diameters from the fairing in order to minimize the
eﬀect of the fairing on the propeller performance.
Propeller RPM was measured by shining a red laser with a wavelength of 630–680 nm through the
propeller disc area to a phototransistor with a rise time of 5 μsec. The output from the phototransistor is
ampliﬁed so that the maximum voltage when the laser shines on the receiver is over 2 V. As the propeller
spins, the propeller blades block the laser beam, and the receiver output voltage drops to around zero. Each
time the propeller RPM was measured, the voltage was recorded at 40,000 Hz for 30,000 samples. The high
rate and sample number is used so that the resulting square wave is captured and the voltage peaks can be
counted. The RPM was calculated by dividing the number of peaks by the sample time and by the number
of propeller blades. The phototransistor rise time and the sample rate have been more than suﬃcient in
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ﬁnding the typical RPM values for the propellers tested. This measurement technique was compared to
results from a handheld digital tachometer, and the results agreed.
A variety of propellers were tested for this research. These propellers include oﬀ-the-shelf propellers from
several manufacturers and some rapid-prototyped propellers. A discussion of the propellers is included in
Chapter 3. During the tests, the propellers with a diameter of less than 9-in were driven by the Medusa
MR-012-030-4000 brushless motor using a Castle Creations Phoenix 10 speed controller. Propellers with
a diameter of 9 in used an AstroFlight 803P Astro 020 Planetary System with a 4.4:1 gear ratio using a
Castle Creations Phoenix 25 speed controller. To simplify the laboratory setup, a power supply by BK
Precision was used to power the motor and speed controller. To set the rotational speed of the motor, the
speed controller was connected to a modiﬁed ServoXciter EF from Vexa Control. While designed to test
RC servos by adjusting the pulse-width signal to the servo, the ServoXciter also works well as the throttle
for the motor. A voltage from the computer would be sent to the ServoXciter, and in turn the ServoXciter
would then send a pulse-width signal to the speed controller to control the motor speed.
Propeller slipstream measurements were also performed in the UIUC Low-Speed Wind tunnel using a
7-hole probe. A discussion of the equipment and the theory behind the 7-hole probe is found in Chapter 7.
2.2 Propeller Balancing
Before any test was performed, the propeller to be tested was balanced. To start, the propeller was suspended
in the air with a rod through its hub. For 9-in propellers, the Top Flite Precision Magnetic Balancer was
used where the rod was suspended between two magnets. There was very little friction between the magnets
and the rod, so the propeller was free to spin. For smaller propellers, the rod through the propeller hub
was ﬁxed. This rod had a smaller diameter than the propeller hub allowing the propeller to spin freely. For
either setup, the balancing procedure was the same. The balancing of a 2-blade propeller is discussed, but
the procedure for propellers with three or four blades is similar.
First the propeller was placed so that the blades were horizontal. If one blade was heavier than the other,
the propeller would rotate in the direction of the heavier blade. Electrical tape was then added to the back
of the lighter blade near the hub until the propeller stayed in the horizontal position. Next the propeller
was placed with the blades in the vertical direction. In this orientation, the propeller will rotate so that the
heavier part of the propeller hub is down. Electrical tape was then added to the lighter sections of the hub.
Finally the propeller was positioned in multiple orientations in order to fully test its balance. For a properly
balanced propeller, the propeller can be positioned in any orientation, and it will stay without rotating.
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2.3 Testing Procedure
All voltages from the testing equipment were recorded by a National Instruments PCI-6031E 16-bit analog-
to-digital data acquisition (DAQ) board connected to a personal computer. The DAQ board is capable of
measuring 32 diﬀerential analog inputs simultaneously at a maximum sample rate of 100,000 samples/s. As
mentioned earlier, propeller RPM measurements were recorded at 40,000 Hz for 30,000 samples. This high
sample rate required the RPM measurement to be taken separately from the rest of the measurements. All
other measurements (thrust, torque, dynamic pressure, atmospheric pressure, and temperature) were taken
simultaneously immediately after the RPM measurement at a rate of 3,000 Hz for 3,000 samples. This
method has been more than suﬃcient as diﬀerences in motor speed have been observed to change less than
1% during these time periods. A LabVIEW R© program was written to read the DAQ board as well as control
the motor speed and wind tunnel speed.
For static performance tests, the propeller thrust and torque were measured along with the ambient
pressure and temperature at diﬀerent RPM values. For advancing ﬂow performance tests, the propeller
RPM was set and the tunnel speed was increased from 8 ft/s to 40 ft/s by 2 ft/s increments. During this
test, a MKS 1-torr pressure transducer was used to measure the tunnel speed. At each velocity, the propeller
thrust and torque were measured along with the tunnel speed and ambient pressure and temperature. If
the torque value became too close to zero, the test was stopped because the propeller was approaching the
windmill brake state. If the propeller reached 40 ft/s before the windmill brake state was achieved, the same
RPM was used for tunnel speeds of 34 ft/s to 80 ft/s by 2 ft/s increments using a MKS 10-torr transducer
to measure the tunnel speed. Again the test would stop early if the propeller was close to windmilling. The
overlap with the 1-torr and 10-torr tests were to ensure consistent data between low and high speed tests.
Typically, at least three RPM values were tested to measure any Reynolds number eﬀects.
2.4 Calibration
Since the DAQ board only records voltages from the transducers and load cells, each voltage is converted
to a physical measurement through calibration curves. The pressure transducer that measured the ambient
pressure and the thermocouple that measured ambient temperature used manufacturer supplied calibration
equations to convert the voltages to pressure and temperature. The MKS diﬀerential pressure transducers
used to measure tunnel pressures also used manufacturer calibration slopes.
The load and torque cells do not use manufacturer supplied calibration values. Instead, the calibration
slopes are found during testing. Thrust calibration used precisely measured weights and a low-friction pulley
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system to create an applied axial load to simulate thrust on the load cell. By increasing and decreasing a
known force on the load cell, a linear relationship between the thrust and voltage was determined. For torque
calibration, the precision weights were used with a moment arm to create a known torque. By increasing
and decreasing this torque, a linear relationship between the torque and voltage was calculated. These
calibration procedures were performed regularly to ensure consistent results, and any change in the slopes
were typically 1% or less.
2.5 Data Reduction
As mentioned in Section 2.1, the ambient pressure and temperature were measured using a pressure trans-
ducer and thermocouple, respectively. Air density was then calculated from the equation of state
p = ρRT (2.1)
where R is the universal gas constant. The standard value of 1716 ft2/s2/◦R (287.0 m2/s2/K) for air was
used. To calculate the test section velocity, the diﬀerence in the settling chamber pressure and test section
pressure (measured by a MKS pressure transducer) was ﬁrst related to the velocities by Bernoulli’s equation.
pset +
1
2
ρV 2set = ptest +
1
2
ρV 2test (2.2)
Then the continuity equation was used to relate the velocities at the settling chamber and the test section.
ρAsetVset = ρAtestVtest (2.3)
By combining Eqs. 2.2 and 2.3, the test section velocity can be found.
Vtest =
√√√√√ 2 (pset − ptest)
ρ
(
1−
(
Atest
Aset
)2) (2.4)
Propeller power is calculated from the measured propeller torque by
P = 2πnQ (2.5)
Performance of a propeller is typically given in terms of the thrust and power coeﬃcients, deﬁned as
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CT =
T
ρn2D4
(2.6)
CP =
P
ρn3D5
(2.7)
where nD can be considered the reference velocity and D2 can be considered the reference area. When the
propeller is in a freestream ﬂow, the advance ratio is deﬁned in terms of the velocity and the rotation rate.
J =
V
nD
(2.8)
By using the advance ratio, the thrust and power coeﬃcients are now only a function of J , the Reynolds
number, and the Mach number. The maximum Mach number for a propeller tip in these tests was about 0.26,
which is below the incompressible limit. Therefore, compressibility eﬀects were ignored, and the propeller
performance is only a function of J and the Reynolds number. For this paper, the Reynolds number of a
propeller was deﬁned by the rotational speed and chord at the 75% blade station. The Reynolds number is
deﬁned as
Re =
ρV c
μ
(2.9)
where the viscosity μ was calculated from Sutherland’s formula.
The eﬃciency of a propeller is a measure of the useful power (TV ) divided by the input power (P ).
η =
TV
P
(2.10)
Putting the eﬃciency in term of CT , CP , and J yields
η =
CTJ
CP
(2.11)
During static conditions the velocity is zero, so the eﬃciency given in Eq. 2.11 would also be zero. In order
to determine the eﬃciency of a propeller in static conditions, another measure was used. This eﬃciency was
in the form of the hover ﬁgure of merit or FM [31, 32]. Usually used to measure the eﬃciency of helicopter
rotors, FM is the ratio of the ideal power required to hover to the actual power required, or
FM =
Pideal
P
(2.12)
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From momentum theory, the ideal static power is given as
Pideal = T
√
T/A
2ρ
(2.13)
where A is the disk area. Using Eq. 2.13 with Eq. 2.12, the FM becomes
FM =
C
3/2
TFM
/
√
2
CPFM
(2.14)
The thrust and power coeﬃcients used in Eq. 2.14 are deﬁned diﬀerently than those shown earlier
(Eqs. 2.6–2.7). The FM equation is typically used for helicopters, so the thrust and power coeﬃcients are
deﬁned as
CTFM =
T
ρAV 2T
(2.15)
CPFM =
P
ρAV 3T
(2.16)
where VT is the tip speed. The FM values in this paper use the coeﬃcient deﬁnitions shown in Eqs. 2.15–2.16.
2.6 Wind Tunnel Corrections
Two wind tunnel corrections were used to account for the eﬀects of testing a propeller in front of a fairing
and in a closed test section. Since the propellers are tested on a string in front of a fairing, the air velocity
seen by the propellers will be less than the velocity measured at the beginning of the test section. To account
for this lower velocity, a velocity correction factor was developed based on the propeller size and its distance
from the fairing.
Since the fairing spanned the test section from the ﬂoor to ceiling, the fairing was modeled as an airfoil
using source panels. In order to satisfy the boundary condition of no cross ﬂow at the tunnel side walls,
reﬂections of the airfoil were included. The strength of each source panel and the ﬂowﬁeld surrounding
the airfoil was then calculated using the method described in Anderson. [33]. Using 100 sets of reﬂection
pairs, the cross ﬂow at the tunnel side walls was found to be less than 2 × 10−6% of the freestream. The
resulting 2D ﬂowﬁeld from the source panels was assumed to be the same along the span of the fairing. The
propeller size is small compared with the height of the tunnel, so any wall eﬀects from the ﬂoor and ceiling
were assumed to be negligible. Since the propeller will see diﬀerent corrected velocities along its disk area,
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a weighted average was used to calculate a single velocity reduction factor kfairing (Eq. 2.17).
Vcfairing
V∞
= kfairing (2.17)
In order to simplify the calculations needed during testing, a series of correction factors were tabulated
beforehand covering the full range of propeller sizes and locations. During a test, the correction factor was
found by interpolation using the current propeller size and location.
To account for testing a propeller in a closed test section, the classic Glauert [34, 35] correction was
used. The ﬂow around a propeller in a closed test section is diﬀerent than the ﬂow in free air. For a
propeller producing thrust, the velocity in the propeller slipstream is greater than the nominal test section
velocity. Since the same mass ﬂux of air must pass ahead of the propeller as it does behind the propeller
from continuity, the velocity outside of the slipstream must be lower. The pressure outside of the slipstream
is also higher than the pressure ahead of the propeller, so the thrust measured is larger than the thrust
produced at the same velocity in free air. Another way to describe the results is that the thrust measured
would occur at a lower velocity in free air. To determine that lower velocity, the correction factor is found
from
Vc
V∞
= 1− τα
2
√
1 + 2τ
(2.18)
where τ = T/ρAV 2∞ and α = A/C. This correction is the ﬁrst approximation of the iterative method
described by Glauert, but for the propeller sizes, thrust values, and freestream speeds from this series of
tests, the correction factor from Eq. 2.18 agrees with the full iterative method to a diﬀerence of less than
1%.
2.7 Veriﬁcation of Performance Tests
Measuring accurate and repeatable performance data of the rotors from the balance is of great importance.
The small forces from these rotors require sensitive equipment that increase the chance of experimental
uncertainty overshadowing the results. These results show the eﬀects of low Reynolds numbers on rotor
performance especially when compare with larger rotors. The performance data are also important in calcu-
lating the expected behavior of the slipstream in terms of pressures and velocities as well as the size. From
the measured velocities and pressures in a slipstream, the performance of the rotor can also be calculated.
Determining the accuracy of the methods in calculating performance data from the slipstream depends on
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Figure 2.3: Repeatability of the static performance of the GWS Direct Drive 5×4.3 propeller: (a) thrust
coeﬃcient and (b) power coeﬃcient.
the conﬁdence level of the balance data.
A repeatability test is one measure of conﬁdence in the balance data. Figure 2.3 shows the results of three
static runs of the GWS 5×4.3 propeller. Two of the tests were done during the March 2013 wind tunnel
entry, and the third was done in the June 2013 wind tunnel entry. The ﬁrst March test was performed near
the beginning of the entry while the second test was performed near the end of the entry. As shown in the
ﬁgure, the static thrust and power agree for all three tests. This propeller was also tested in an advancing
ﬂow at three rotation rates. The repeatability results for 4,000 RPM, 6,000 RPM, and 8,000 RPM are shown
in Figs. 2.4, 2.5, and 2.6, respectively. At each rotation rate, the static thrust and power for the propeller
matches. The GWS 2.5×0.8 propeller was also tested during March and June, and the repeatability results
for the static tests are given in Fig. 2.7. Similar to the GWS 5×4.3, the static results agree.
During the discussion on the experimental equipment, it was stated that the fairing was designed to
remove the rig structure from the propeller slipstream and the freestream ﬂow. To illustrate the need for
the fairing, a comparison was done between propeller performance results taken with the current testing rig
with results from the original testing rig designed by Brandt [8]. As shown in Fig. 2.8, the motor housing
and the torque transducer were exposed to propeller slipstream and the freestream ﬂow. These exposed
parts created drag and lessened the measured thrust. Figure 2.9 shows the static performance results of the
GWS Direct Drive 9×5 propeller from both testing rigs. The static thrust measured from the original rig
is indeed less than the thrust measured from the current rig; the static power does not seem to be aﬀected.
The comparison between the two rigs for the same propeller running at 5,000 RPM are shown in Fig. 2.10.
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Figure 2.4: Repeatability of the performance of the GWS Direct Drive 5×4.3 propeller at 4,000 RPM:
(a) thrust coeﬃcient and (b) power coeﬃcient.
Thrust is again lower for the original rig, and the power is basically the same. The diﬀerence in measured
thrust greatly changes the calculated maximum eﬃciency of the propeller and the advance ratio for the
maximum eﬃciency.
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Figure 2.5: Repeatability of the performance of the GWS Direct Drive 5×4.3 propeller at 6,000 RPM:
(a) thrust coeﬃcient and (b) power coeﬃcient.
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Figure 2.6: Repeatability of the performance of the GWS Direct Drive 5×4.3 propeller at 8,000 RPM:
(a) thrust coeﬃcient and (b) power coeﬃcient.
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Figure 2.7: Repeatability of the static performance of the GWS Direct Drive 2.5×0.8 propeller: (a) thrust
coeﬃcient and (b) power coeﬃcient.
Figure 2.8: Original propeller testing rig designed by Brandt. Figure taken from Brandt [8].
18
  0  2,000 4,000 6,000 8,000
0.15
0.10
0.15
Ω (RPM)
C T
o
GWS Direct Drive 9×5
Static Case
Current Rig Original Rig
Re (103)
0 25 50 75
(a)
  0  2,000 4,000 6,000 8,000
0.00
0.05
0.10
Ω (RPM)
C P
o
GWS Direct Drive 9×5
Static Case
Current Rig Original Rig
Re (103)
0 25 50 75
(b)
Figure 2.9: Static performance comparison of the GWS Direct Drive 9×5 propeller between the current rig
and the original rig: (a) thrust coeﬃcient and (b) power coeﬃcient. Original rig data taken from Brandt [8].
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Figure 2.10: Performance comparison of the GW Direct Drive 9×5 propeller between the current rig and
the original rig at 5,000 RPM: (a) thrust coeﬃcient, (b) power coeﬃcient, and (c) eﬃciency curves. Original
rig data taken from Brandt [8].
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Since many of the propellers tested were oﬀ-the-shelf, it was deemed interesting to determine how con-
sistent the performance of one propeller was to another of the same type. Three GWS 2.5×0.8 and three
GWS 5×4.3 propellers were statically tested and compared; the GWS 5×4.3 propellers were also tested in
an advancing ﬂow at 6,000 RPM. From Fig. 2.11, the static performance of the GWS 2.5×0.8 propellers are
consistent; however, a large diﬀerence is seen in the performance of the GWS 5×4.3 propellers (Figs. 2.12
and 2.13). The diﬀerences in the GWS 5×4.3 propellers are signiﬁcant. To determine the reason for the
similarity in the GWS 2.5×0.8 propellers and the large diﬀerences in the GWS 5×4.3 propellers, the ge-
ometry was measured for each propeller using PropellerScanner [36]. From the measured geometry of the
GWS 2.5×0.8 propellers (Fig. 2.14), the similarity for the static performance results is from the expected
result that the three propellers have the same geometry. The measured geometry of the three GWS 5×4.3
propellers (Fig 2.15) shows that, while the chord distribution is the same, the diﬀerence in the propellers is
with the pitch. Each of the three propellers has about the same pattern in the twist distribution, but the
amount of pitch varies. From the geometry measurements, the diﬀerences in the performance is explained.
Specimen 2 has a larger pitch, so it is expected that it would produce a larger thrust and power at a given
rotation rate. Specimen 3 has a lower pitch, so it would produce a smaller thrust and power. This inconsis-
tency between propellers shows that care should be taken when assuming the performance of one propeller
based on the results of another. For all other results of the GWS 2.5×0.8 or GWS 5×4.3 propellers in this
report, specimen one is used.
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Figure 2.11: Static performance of three GWS Direct Drive 2.5×0.8 propellers: (a) thrust coeﬃcient and
(b) power coeﬃcient.
  0  2,000 4,000 6,000 8,000
0.10
0.15
0.20
Ω (RPM)
C T
o
GWS Direct Drive 5×4.3
Static Case
Specimen 1
Specimen 2
Specimen 3
Re (103)
0 10 20 30
(a)
  0  2,000 4,000 6,000 8,000
0.05
0.10
0.15
Ω (RPM)
C P
o
GWS Direct Drive 5×4.3
Static Case
Specimen 1
Specimen 2
Specimen 3
Re (103)
0 10 20 30
(b)
Figure 2.12: Static performance of three GWS Direct Drive 5×4.3 propellers: (a) thrust coeﬃcient and
(b) power coeﬃcient.
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Figure 2.13: Performance of three GWS Direct Drive 5×4.3 propellers at 6,000 RPM: (a) thrust coeﬃcient,
(b) power coeﬃcient, and (c) eﬃciency curves.
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Figure 2.14: Geometry comparison of the three GWS Direct Drive 2.5×0.8 propellers: (a) chord distribution
and (b) twist distribution.
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Figure 2.15: Geometry comparison of the three GWS Direct Drive 5×4.3 propellers: (a) chord distribution
and (b) twist distribution.
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Figure 2.16: Comparison between UIUC and Michigan static performance data of the Union U-80 propeller:
(a) thrust and (b) torque.
Another way to measure the conﬁdence of the balance data is to compare the results to another test.
Smedresman et al. [37] from the University of Michigan have built a test stand to measure the performance
of small propellers. A propeller they have tested is the Union U-80. Figure 2.16 shows a comparison between
the performance data gathered using the balance built for this research and the data from Michigan. As
seen in the ﬁgure, the performance data agree. With the results from the repeatability test and the results
from the comparison to Michigan, performance data from the thrust and torque balance are reliable.
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Chapter 3
Propeller Geometry
Two types of propellers were tested in this research: oﬀ-the-shelf propellers and in-house 3D printed pro-
pellers. The oﬀ-the-shelf propellers are widely available and come in a variety of sizes. Nevertheless, it
is diﬃcult to ﬁnd propellers that are exactly scaled, i.e. have diﬀerent diameters but have the same twist
distribution and the same chord-to-radius distribution. For this reason, 3D printed propellers with diameters
of 5 and 9 in were designed, built, and tested. With these 3D printed propellers, the geometry could be
speciﬁed. This chapter includes a discussion of the geometry of the oﬀ-the-shelf propellers and a discussion
on the design of the 3D printed propellers.
3.1 Oﬀ-the-Shelf Propellers
A range of diameters were tested for the oﬀ-the-shelf propellers. The largest diameter tested was 9 in and the
smallest was 2.25 in. In total, the static performance and advancing ﬂow performance was measured for 27
oﬀ-the-shelf propellers. A list of the propellers tested with their true diameters are given in Table 3.1. Most
oﬀ-the-shelf propellers were designated by their diameter and pitch, which were typically given in inches
though a few were in millimeters. The pitch of a propeller is the distance it would travel forward in one
rotation if it did not slip. The value given for the pitch is based on the angle at the 75% blade station, and
the relationship between the two is represented by
p = 0.75Dπ tanβ (3.1)
where p is the pitch, D is the diameter, and β is the angle.
The chord and twist distributions for each propeller were measured using the PropellerScanner software
created by Hepperle [36]. The program uses images of the side and top view of the propeller to calculate
the chord and twist distribution. While this method might not be as accurate as physically measuring slices
of the propeller, PropellerScanner provides a quick method to compare the geometry of many propellers
without the need to slice and destroy the propeller. Uhlig et al. [38, 39] compared the chord and twist
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Table 3.1: Summary of Oﬀ-the-Shelf Propellers Tested
Manufacturer Type Propeller Diameter (in)
4.2×4 4.20
Free Flight
9×4 9.00
APC
4.2×2 4.20
Sport
9×6 9.00
E-Flite — 100 mm×70 mm 5.10
2.5×0.8 2.55
2.5×1 2.55
3×2 3.25
3×3 3.20
4×2.5 4.00
GWS Direct Drive
4×4 4.00
4.5×3 4.50
4.5×4 4.50
5×3 5.00
5×4.3 5.00
9×5 9.00
KP Folding 96 mm×70 mm 3.80
3.2×2.2 3.20
2-Blade 4×2.7 3.95
Micro Invent 5×3.5 4.90
4.3×3.5 4.40
3-Blade
5×4 4.90
57 mm×20 mm 2.25
Plantraco — Tri-Turbofan 2.55
100 mm×80 mm 4.00
Union U-80 80 mm×50 mm 3.15
Vapor — 140 mm×45 mm 5.50
27
distributions of a propeller measured using PropellerScanner and from slices of the propeller. He showed
that the chord distribution agreed well, but the twist distribution from PropellerScanner underestimated the
physically measured twist. The ﬁnite thickness of the propeller airfoil accounts for the diﬀerences between
the results from PropellerScanner and the true propeller chord and twist distributions.
3.1.1 APC Propellers
Four APC propellers were tested: two had a diameter of 4.2 in and the other two had a diameter of 9 in.
Figures 3.1–3.4 show the geometry for each propeller. While the APC propellers are listed as two diﬀerent
types (Free Flight and Sport), the propellers have the same chord distribution. Figure 3.5 compares the
geometry of the two 4.2-in propellers, and as shown in the chord distribution, the propellers are the same.
The twist distribution of the two 4.2-in propellers share a similar trend, but the 4.2×4 propeller has a larger
pitch. The same result in chord and twist distribution holds for the 9-in propellers (Fig. 3.6). Comparing
the 4.2-in and 9-in propellers shows that the pattern in the twist distribution is the same, and only the pitch
of the propellers are diﬀerent. The chord distribution between the two diameters is very similar in pattern,
but the 9-in propellers have a smaller c/R ratio. This smaller chord ratio means that there is less blade area
per disk area for the 9-in propellers. The ratio between the blade area and disk area is generally referred to
as the solidity and is usually represented by σ. To illustrate the diﬀerence in solidity between the 4.2- and
9-in propellers, the geometries of the 4.2×2 and the 9×4 were plotted together in Fig. 3.7. As shown in the
chord distribution, the 4.2-in propeller has a larger chord relative to the radius. The twist distribution is
very similar with the 9-in propeller having a slightly larger twist. By the listed pitch-to-diameter ratio, the
twist distribution of the 4.2-in propeller should be slightly higher than the 9×4, but that was not the case
from these measurements.
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Figure 3.1: APC Free Flight 4.2×4 geometric characteristics.
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Figure 3.2: APC Free Flight 9×4 geometric characteristics.
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Figure 3.3: APC Sport 4.2×2 geometric characteristics.
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Figure 3.4: APC Sport 9×6 geometric characteristics.
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Figure 3.5: Geometry comparison of the two 4.2-in APC propellers: (a) chord distribution and (b) twist
distribution.
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Figure 3.6: Geometry comparison of the two 9-in APC propellers: (a) chord distribution and (b) twist
distribution.
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Figure 3.7: Geometry comparison of the 4.2 and 9-in APC propellers with a similar pitch-to-diameter ratio:
(a) chord distribution and (b) twist distribution.
3.1.2 GWS Propellers
Eleven of the propellers were manufactured by GWS and have diameters ranging from 2.5 in to 9 in. The
geometry of the GWS propellers are given in Figs. 3.8–3.18. The GWS propellers tested came in two basic
planform shapes (rectangular and tapered), and the 3-in propellers provide an example of each (Figs. 3.10
and 3.11). A comparison between the rectangular planforms (Fig. 3.19) shows that the chord distribution
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Figure 3.8: GWS Direct Drive 2.5×0.8 geometric characteristics.
pattern is basically the same for each diameter, but the c/R decreases with increasing diameter. Unlike the
APC propellers, the twist distribution is not consistent for all of the rectangular planforms. The two 2.5-in
and the 4-in propellers have very similar twist distributions, but the 3-in propeller diﬀers for the ﬁrst 50% of
the blade. The tapered planform comparison (Fig. 3.20) shows that the chord distribution pattern is similar
for the diﬀerent diameters; the 4.5×4 chord distribution is a little diﬀerent than the others around the 25%
blade station. The solidity of the propellers is basically the same for the propellers except for the 3×3,
which is signiﬁcantly more, and the 9×5, which is signiﬁcantly less. More variation in the twist distribution
is seen with the tapered propellers than was seen with the rectangular planform. All of the propellers have
the same general twist distribution for the outer 50% of the blade except for the 9×5, which only matches
the smaller propellers for the outer 30% of the blade. The grouping of the twist distributions are clustered
around the propellers pitch-to-diameter ratios with the larger ratios having the larger pitch angles.
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Figure 3.9: GWS Direct Drive 2.5×1 geometric characteristics.
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Figure 3.10: GWS Direct Drive 3×2 geometric characteristics.
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Figure 3.11: GWS Direct Drive 3×3 geometric characteristics.
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Figure 3.12: GWS Direct Drive 4×2.5 geometric characteristics.
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Figure 3.13: GWS Direct Drive 4×4 geometric characteristics.
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Figure 3.14: GWS Direct Drive 4.5×3 geometric characteristics.
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Figure 3.15: GWS Direct Drive 4.5×4 geometric characteristics.
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Figure 3.16: GWS Direct Drive 5×3 geometric characteristics.
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Figure 3.17: GWS Direct Drive 5×4.3 geometric characteristics.
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Figure 3.18: GWS Direct Drive 9×5 geometric characteristics. Figure taken from Brandt [8].
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Figure 3.19: Geometry comparison of the GWS propellers with a rectangular planform: (a) chord distribution
and (b) twist distribution.
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Figure 3.20: Geometry comparison of the GWS propellers with a tapered planform: (a) chord distribution
and (b) twist distribution.
3.1.3 Micro Invent Propellers
The ﬁve Micro Invent propellers tested were made out of carbon laminate. The propellers were very thin
and were more ﬂexible than the other oﬀ-the-shelf propellers. Three of the Micro Invent propellers had two
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Figure 3.21: Micro Invent 3.2×2.2 geometric characteristics.
blades and ranged in diameter from 3.2 in to 5 in (Figs. 3.21–3.23). The other two propellers had three
blades with diameters of 4.3 in and 5 in (Figs. 3.24–3.25). A comparison between all ﬁve propellers is shown
in Fig. 3.26. As shown in the ﬁgure, the chord distribution is very similar past the 50% station. The twist
distributions show a greater amount of variation than was seen with the APC or GWS propellers. From
the pitch given by the manufacturer, it would be expected that the three 2-blade propellers would have had
about the same pitch angle and that the two 3-blade propellers would have about the same pitch angle. Of
the three 2-blade propellers, the 5×3.5 should have the largest pitch angle, but it has the lowest pitch angle
of all of the Micro Invent propellers. From Eq. 3.1, the 5×3.5 propeller should have a pitch angle of around
16.5 deg, but it was measured as 9.6 deg. The thin and ﬂexible nature of these propellers is probably the
reason for the diﬀerence between the expected pitch and the measured pitch. Even if the propellers were
manufactured with the correct pitch, there is little structure in the propeller for it to maintain the correct
pitch angle.
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Figure 3.22: Micro Invent 4×2.7 geometric characteristics.
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Figure 3.23: Micro Invent 5×3.5 geometric characteristics.
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Figure 3.24: Micro Invent 3 blade 4.3×3.5 geometric characteristics.
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Figure 3.25: Micro Invent 3 blade 5×4 geometric characteristics.
43
0.00 0.25 0.50 0.75 1.00
0.00
0.25
0.50
0.75
r/R
c/
R
Micro Invent
3.2×2.2
4×2.7
5×3.5
4.3×3.5 T
5×4 T
(a)
0.00 0.25 0.50 0.75 1.00
 0
15
30
45
r/R
β (
de
g)
Micro Invent
3.2×2.2
4×2.7
5×3.5
4.3×3.5 T
5×4 T
(b)
Figure 3.26: Geometry comparison of the Micro Invent propellers: (a) chord distribution and (b) twist
distribution.
3.1.4 Plantraco Propellers
Three propellers were manufactured by Plantraco, and each has a diﬀerent geometry. The ﬁrst propeller
(Fig. 3.27) has a diameter of 2.25 in and has a c/R that is large but on the same order as the 2.5-in GWS
propellers. With a diameter of 2.55 in, the second propeller (Fig. 3.28) is unusual in that it has a very
shallow twist distribution. The last Plantraco propeller (Fig. 3.29) is much larger than the other two with
a diameter of 4 in. This propeller has a large twist angle near the hub and has a nearly linear taper for the
chord distribution.
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Figure 3.27: Plantraco 57 mm × 20 mm geometric characteristics.
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Figure 3.28: Plantraco Tri-Turbofan geometric characteristics.
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Figure 3.29: Plantraco 100 mm × 80 mm geometric characteristics.
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Figure 3.30: E-Flite 130 mm × 70 mm geometric characteristics.
3.1.5 Miscellaneous Propellers
The last four oﬀ-the-shelf propellers are from four diﬀerent manufacturers. Figure 3.30 shows the geometry of
the E-Flite 130 mm × 70 mm that is used on the Extra 300 3D RC airplane [40]. The second propeller is the
KP AeroModels Folding 96 mm × 70 mm (Fig. 3.31). Geometry data for the Union U-80 80 mm × 50 mm
are shown in Fig. 3.32. This propeller has been used in MAV research at the University of Florida [14] and
University of Michigan [37]. The Vapor 140 mm × 45 mm is shown in Fig. 3.33, and this propeller is used
on the Vapor RC airplane. While the geometry for each of these four propellers is diﬀerent, the two smaller
propellers (KP and Union) have larger c/R values than the larger two. This increase in solidity for smaller
propellers is consistent with the other smaller propellers discussed earlier.
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Figure 3.31: KP Folding 96 mm × 70 mm geometric characteristics.
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Figure 3.32: Union U-80 80 mm × 50 mm geometric characteristics.
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Figure 3.33: Vapor 140 mm × 45 mm geometric characteristics.
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Figure 3.34: Front view of the separated blades and hub of a 2-bladed NR640 propeller. The small outer
holes on the hub and the holes on the blade align, and each blade is attached to the hub with a screw and
nut.
3.1.6 Summary of Oﬀ-the-Shelf Propellers
The oﬀ-the-shelf that were propellers tested contain a large variety of geometries. The APC propellers
provided the most consistent shape between propellers of diﬀerent diameters and pitch values; however,
the smaller propellers had a higher c/R ratio (solidity). While the GWS propellers had similar planform
shapes for the diﬀerent diameters, the twist distribution was not consistent between the propellers. Similar
to the GWS propellers, the Micro Invent propeller had similar chord distributions, but the twist distribution
diﬀerences were even more than the GWS propellers. There are no general trends with the rest of the
propellers except that smaller propellers tend to have a larger solidity with c/R values above 0.25. While
the diﬀerences in the planform shape, solidity, and twist distributions will make it diﬃcult to compare the
propellers based on their diﬀerent diameters, general Reynolds number trends can still be analyzed.
3.2 3D Printed Propellers
To aid in measuring the eﬀects of changes in Reynolds number on the performance of a propeller, four
propellers were designed. Each propeller was then built as a 5-in and 9-in diameter model using the MechSE
Rapid Prototyping Lab at the University of Illinois at Urbana-Champaign. To reduce the number of parts
to manufacture, the propeller blades and hub were built as separate parts (Fig. 3.34). The propeller blades
were manufactured using an Objet Eden 350 16-micron layer 3D printer with VeroBlack used as the material.
The hubs were built using a Viper stereolithography apparatus (SLA). The blades were then attached to
the hub and secured in place with screws. This separate part method allowed the pitch of the propeller to
be changed by only requiring a new hub to be built. Four types of hubs were manufactured for the 2-bladed
propellers based on the desired pitch of the propeller. Figure 3.35 shows the four hubs designed to change
the pitch. The ﬁrst hub is designed to test the propeller at its original pitch angle, the second decreases the
pitch by 10 deg, the third decreases the pitch by 5 deg, and the fourth hub increases the pitch by 5 deg.
Propellers with three and four blades could also be tested and only required additional blades and a new
hub (Fig. 3.36).
The ﬁrst propeller designed was based on the 10-ft diameter Navy propeller 5868-9 described in NACA
Report 640 [41]. The 5868-9 propeller used a Clark Y airfoil with diﬀerent thickness ratios for the blade
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Pitch -10 deg -5 deg +5 deg
Figure 3.35: Hub designs for changing the pitch of the propellers.
2 Blades 3 Blades 4 Blades
Figure 3.36: Hub designs for 2-, 3-, and 4-bladed propellers.
sections and was tested in 2-, 3-, and 4-blade conﬁgurations at diﬀerent pitch angles. Building scale versions
of this propeller provided the opportunity to compare the performance of the same propeller at full-scale
Reynolds numbers (around 1,500,000 to 1,800,000) with the performance at scaled Reynolds numbers (less
than 100,000). For this research, the scaled 5868-9 propeller with a pitch of 15 deg was designated NR640.
The chord and twist distributions of the NR640 matches the Navy 5868-9 and are shown in Fig. 3.37. Like
the full-scaled version, the airfoil used for the NR640 is based on the Clark Y with the thickness changing
along the span. The thickness ratio distribution for the NR640 is also shown in Fig. 3.37. The data for the
propeller geometry was taken from a plot in NACA Report 640 [41], and the tabulated data for the geometry
shown in Fig. 3.37 is given in Table 3.2. Figure 3.38 shows the original Clark Y airfoil; the trailing edge was
thickened using XFOIL [42] to aid in manufacturing. Figure 3.39 shows the modiﬁed Clark Y airfoils with
the largest and smallest thickness-to-chord ratio. To change the thickness ratio of the airfoil, XFOIL was
used.
The second propeller was designed to minimize the induced losses of the propeller. A 9-in propeller
with a pitch of 6.75 in (17.7 deg) was chosen for the design. The 6.75-in pitch provides a pitch-to-diameter
ratio of 0.75 and falls within the common range of pitch-to-diameter ratios for oﬀ-the-shelf propellers. A
diameter of 9 in was chosen for the Reynolds number range along the span of the propeller. The rotation
rates that are typical for testing 9-in propellers with the performance rig are between 4,000 and 6,000 RPM.
At these speeds, the Reynolds numbers along the span of the propeller mostly fall within 40,000 to 100,000.
By designing a propeller in this Reynolds number range, XFOIL predictions on the aerodynamic coeﬃcients
of the propeller airfoils can be used with a reasonable level of accuracy. To illustrate the justiﬁcation of
using XFOIL at these Reynolds numbers, a comparison between the lift and drag of the MA409 airfoil
measured in the UIUC wind tunnel was compared to XFOIL predictions. For a better comparison, the
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Figure 3.37: NR640 geometric characteristics.
Figure 3.38: Clark Y airfoil with a 1.5% thick trailing edge.
Figure 3.39: Clark Y airfoil near the hub and tip of the NR640 propeller.
airfoil coordinates used in XFOIL are based on the wind tunnel model tested and not the standard designed
airfoil coordinates. The wind tunnel model was digitized using a coordinate measuring machine, and the
resulting coordinates were used in XFOIL. More information on the MA409 wind tunnel model, the wind
tunnel tests, and the digitized airfoil can be found in LSATs Vol. 5 [7]. Figure 3.40 shows the MA409 airfoil
comparison at Re = 40,000 and 100,000. At Re = 40,000, XFOIL overpredicts the drag near a Cl of 0.5
and overpredicts the lift near stall. The XFOIL results at Re = 100,000 are in a better agreement with the
wind tunnel results, but XFOIL still overpredicts the lift near stall.
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Table 3.2: Geometry Data for NR640
r/R c/R t/c Twist (deg)
0.30 0.10608 0.367 32.091
0.35 0.12276 0.244 29.631
0.40 0.13822 0.179 27.052
0.45 0.14888 0.140 24.286
0.50 0.15290 0.119 22.047
0.55 0.15128 0.109 20.101
0.60 0.14686 0.103 18.497
0.65 0.14044 0.097 17.140
0.70 0.13280 0.093 16.012
0.75 0.12296 0.090 15.000
0.80 0.11312 0.087 14.193
0.85 0.10186 0.084 13.435
0.90 0.08900 0.083 12.796
0.95 0.07534 0.081 12.222
1.00 0.06046 0.081 11.662
Design of the new propeller was done using the PROPID inverse design code [43, 44]. A baseline propeller
with a rectangular blade having a c/R of 0.18 and a pitch of 6.75 in was used as a starting point. The SD7003
airfoil [3] was used for the baseline propeller. This airfoil is 8.5% thick and has good performance at low
Reynolds numbers. The design point for the new propeller was at 5,000 RPM with an advance ratio of 0.65,
which was the advance ratio for maximum eﬃciency of the baseline propeller. The chord and twist of the
propeller was iterated on by PROPID so all of the propeller blade stations matched the lift coeﬃcient and
axial induction factor at the 75% blade station.
To make sure that the propellers built with the 3D printer did not have requirements that were smaller
than the resolution of the printer, the trailing edge of the new propeller was designed to be a constant
0.003 in for the 5-in diameter propellers. This constraint required new airfoils to be designed with the
desired trailing edge thickness. Three new airfoils with a maximum thickness of 8.5% were designed based
on the desired trailing edge thickness at the 45% blade station, the 75% blade station, and at the tip. Each
airfoil was designed using PROFOIL, an airfoil inverse design program developed by Selig [45, 46]. However,
the propellers built with the new airfoils were less than satisfactory. The propeller blades were very ﬂexible
and would deform easily. To strengthen the propeller blades, new airfoils were designed using PROFOIL.
The desired trailing edge thickness for a 5-in propeller was increased to 0.005 in, and the maximum thickness
of each airfoil was increased to 12%. The resulting propellers were much stronger and held their shape much
better.
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Figure 3.40: Comparison between wind tunnel and XFOIL results of the MA409 airfoil at Re = 40,000 and
100,000.
54
0.00 0.25 0.50 0.75 1.00
0.00
0.25
0.50
0.75
r/R
c/
R
DA4052
chord twist
β
 (deg)
 0
15
30
45
Front View
Side View
Figure 3.41: DA4052 geometric characteristics.
The new propeller was named DA4052, and the geometry is provided in Fig. 3.41 and Table 3.41.
Figures 3.42, 3.43, and 3.44 show the shape of the three 12% thick airfoils designed with PROFOIL. The
coordinates of the three airfoils are tabulated in Appendix A. Drag polars of the three airfoils from XFOIL
are given in Figs. 3.45, 3.46, and 3.47 for Reynolds numbers of 40,000, 60,000, and 100,000.
The last two propellers were simple rectangular blades with a constant pitch of 6.75 in for the 9-in
propellers and 3.75 in for the 5-in propellers. A constant pitch means that the angle of each blade station
(β) is deﬁned from the pitch by
p = Dπx tanβ (3.2)
where x is the span fraction (0 at the hub center and 1 at the tip), p is the pitch and is constant, and D is
the propeller diameters. One propeller was designed with a c/R of 0.18 and was named DA4002. The other
had a c/R of 0.23 and was named DA4022. The purpose of these two propellers were to see the inﬂuence of
changing the c/R ratio. To further simplify the design, both propellers used the SDA1075 airfoil for the full
blade. The geometry of the DA4002 is given in Fig. 3.48 and Table 3.4, and the geometry of the DA4022 is
given in Fig. 3.49 and Table 3.5.
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Table 3.3: Geometry Data for DA4052
r/R c/R Twist (deg)
0.30 0.35255 38.796
0.35 0.35255 33.752
0.40 0.35255 30.822
0.45 0.35255 27.891
0.50 0.31793 25.634
0.55 0.28330 23.378
0.60 0.25584 21.752
0.65 0.22838 20.127
0.70 0.20419 18.893
0.75 0.18000 17.660
0.80 0.15578 16.877
0.85 0.13156 16.094
0.90 0.10159 15.420
0.95 0.07161 14.750
1.00 0.04163 14.078
Table 3.4: Geometry Data for DA4002
r/R c/R Twist (deg)
0.30 0.18 38.512
0.35 0.18 34.298
0.40 0.18 30.830
0.45 0.18 27.947
0.50 0.18 25.523
0.55 0.18 23.464
0.60 0.18 21.697
0.65 0.18 20.167
0.70 0.18 18.832
0.75 0.18 17.657
0.80 0.18 16.616
0.85 0.18 15.688
0.90 0.18 14.856
0.95 0.18 14.106
1.00 0.18 13.427
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Figure 3.42: Propeller airfoil for the 45% blade station (SDA1045).
Figure 3.43: Propeller airfoil for the 75% blade station (SDA1075).
Figure 3.44: Propeller airfoil for the tip (SDA1100).
Table 3.5: Geometry Data for DA4022
r/R c/R Twist (deg)
0.30 0.23 38.512
0.35 0.23 34.298
0.40 0.23 30.830
0.45 0.23 27.947
0.50 0.23 25.523
0.55 0.23 23.464
0.60 0.23 21.697
0.65 0.23 20.167
0.70 0.23 18.832
0.75 0.23 17.657
0.80 0.23 16.616
0.85 0.23 15.688
0.90 0.23 14.856
0.95 0.23 14.106
1.00 0.23 13.427
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Figure 3.45: Drag polar for the SDA1045 airfoil from XFOIL analysis.
58
0.
00
0.
01
0.
02
0.
03
0.
04
0.
05
−
0.
5
 
0.
0
 
0.
5
 
1.
0
 
1.
5
C d
C l
R
e 
= 
40
,0
00
R
e 
= 
60
,0
00
R
e 
= 
10
0,
00
0
SD
A1
07
5
XF
O
IL
 re
su
lts
−
10
 
 
0
 
10
 
20
−
0.
5
 
0.
0
 
0.
5
 
1.
0
 
1.
5
 
2.
0
α
 
(de
g)
C l
Figure 3.46: Drag polar for the SDA1075 airfoil from XFOIL analysis.
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Figure 3.47: Drag polar for the SDA1100 airfoil from XFOIL analysis.
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Figure 3.48: DA4002 geometric characteristics.
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Figure 3.49: DA4022 geometric characteristics.
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Figure 3.50: Photographs of the 5-in NR640.
A summary of the 3D printed propellers tested is given in Table 3.6. With the diﬀerent hubs available,
all of the 3D printed propellers were tested with more than two blades or at diﬀerent pitch angles. As stated
earlier, the DA4052, DA4002, and DA4022 were designed with a p/D of 0.75 where that corresponds to
6.75 in for the 9-in propellers and 3.75 in for the 5-in propellers. In terms of an angle, the pitch is 17.7 deg.
The Table provides the pitch for the propellers in inches and in degrees for clarity.
In order to judge the manufacturing accuracy of the 3D printed propellers, the geometries of the NR640
and DA4002 propellers were measured using PropScanner. Both the 5-in and 9-in versions were compared
to the designed geometry. Photographs of the 5- and 9-in NR640 propellers are shown in Figs. 3.50 and 3.51,
respectively, and the geometry comparison is shown in Fig. 3.52. While the chord distributions of the 3D
printed propellers match the designed chord distribution, there is some diﬀerence in the twist distribution.
For the last 35% of the blade, the two manufactured propellers are similar to each other, but the twist
angles are about 1 to 2 deg larger than the designed twist. For the inner portion of the blade, the two
manufanctured propellers do not agree in twist. The 9-in propeller has a slightly larger twist angle than
the 5-in. From about 40% to 60%, the twist of the 5-in propeller matches the designed twist. With this
geometry diﬀerence between the 5- and 9-in propellers, it is expected that there could be diﬀerences in their
performance.
Photographs for the DA4002 propellers are shown in Fig. 3.53 for the 5-in and Fig. 3.54 for the 9-
in. The geometry from PropScanner is shown in Fig. 3.52. Similar to the NR640, the chord distribution
of the manufactured DA4002 propellers match the designed. The twist distributions for the 5- and 9-in
manufactured propellers are in close agreement and are about 1 to 2 deg larger than the designed twist. As
mentioned earlier, Uhlig et al. [38, 39] showed that PropScanner underestimated the twist angle for one of
the propellers they measured, so the twist values measured for the NR640 and DA4002 could be further oﬀ.
However, since the twist from the 5- and 9-in versions of both propellers were measured to be very close to
the designed case, it is likely that the manufacturing process was fairly accurate.
It should be noted that the results seem to show that PropScanner had diﬃculty in accurately measuring
the chord and twist at the tip. For both propeller designs, the measured chord at the tip is less than the
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Table 3.6: Summary of 3D Printed Propellers Tested
Propeller Diameter (in) Pitch (in) Pitch (deg) p/D Number of Blades
2
3.16 15 0.63 3
5
4
4.29 20 0.86 2
NR640
2
5.68 15 0.63 3
9
4
7.72 20 0.68 2
2
3.75 17.7 0.75 3
4
5
1.58 7.7 0.32
2.65 12.7 0.53 2
DA4052 4.92 22.7 0.98
2
6.75 17.7 0.75
3
9 2.85 7.7 0.32
4.76 12.7 0.53 2
8.85 22.7 0.98
1.58 7.7 0.32
2.65 12.7 0.53
5
3.75 17.7 0.75
2
4.92 22.7 0.98
DA4002
2.85 7.7 0.32
4.76 12.7 0.53
9
6.75 17.7 0.75
2
8.95 22.7 0.98
2
5 3.75 17.7 0.75 3
4
DA4022
2
9 6.75 17.7 0.75 3
4
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Figure 3.51: Photographs of the 9-in NR640.
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Figure 3.52: NR640 geometry comparison of the designed, 5-in, and 9-in propellers: (a) chord distribution
and (b) twist distribution.
designed, but the 5- and 9-in measurements match each other. For the twist distribution, the 5- and 9-in
propellers have diﬀerent measured angles at the tip. For the DA4002, the twist angles for the 5- and 9-in
propellers agree at the 95% location, but there is some diﬀerence with the NR640. From the photographs
of the NR640 (Figs. 3.50 and 3.51), it is seen that there is a slight droop in the 5-in propeller near the tip.
This droop is probably due to the fact the 5-in propeller is thinner and more likely to deform slightly. This
thinness might also explain why there is a diﬀerence in the twist between the 5- and 9-in versions of the
NR640.
Chord and twist measurements were also taken for the DA4002 propeller using the pitch changing hubs
in order to determine the accuracy in the hub manufacturing. The −10 deg case is shown in Fig. 3.56.
As expected, the chord distributions match the designed case since these are the same blades that were
measured in Fig. 3.55. The diﬀerence in the twist distributions between the manufactured and the designed
blades is noticeably larger. Near the tip the diﬀerence is about 5 deg. This diﬀerence suggests that the hubs
for the 5- and 9-in propellers are not changing the pitch to a full −10 deg. The −5 deg comparison is shown
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Figure 3.53: Photographs of the 5-in DA4002.
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Figure 3.54: Photographs of the 9-in DA4002.
in Fig. 3.57, and the results are diﬀerent than the other cases. For the −5 deg hub, the twist from the 5-in
and 9-in propellers do not match. The twist values for the 9-in propeller are larger than the 5-in by 1 to
3 deg. It seems that there is a diﬀerence in the pitch of the −5 deg hubs. Figure 3.58 shows the results for
the +5 hubs. The twist distributions for the 5- and 9-in propellers are again very similar and a little larger
than the designed.
From the PropScanner measurements, it seems that the 3D printed propellers are fairly accurate. The
chord and twist distributions for the two sizes of the DA4002 match well, but there is some twist diﬀerence
with the two NR640 propellers. The most likely cause for the twist diﬀerence in the NR640 propellers is
that the propeller is thinner and therefore more likely to deform. At the tip, the 5-in NR640 propeller has
a thickness of 0.012 in while the 9-in has a thickness of 0.022 in. At the 30% blade station, the thickness
is 0.097 in for the 5-in and 0.18 in for the 9-in. In comparison, the DA4002 propeller uses a constant 12%
thick airfoil, which gives a thickness of 0.054 in for the 5-in propeller and 0.097 in for the 9-in propeller. In
regards to the diﬀerent hub angles, the diﬀerent pitch hubs might not be at the exact correct angle, but the
5- and 9-in versions agree fairly well except for the −5 deg hub.
The above PropScanner measurements show that the separate hub-propeller system seems to result in
the 5-in and 9-in propeller having about the same geometry as each other. However, it is still possible that
the blades were not always aligned perfectly for every test when secured to the hubs. A misaligned blade
will cause the propeller to have either a greater or smaller pitch angle than designed. A greater pitch angle
will increase the thrust and power of the propeller while a smaller pitch angle will do the opposite. To show
the eﬀect of a small pitch angle change to the propeller performance, the DA4052 propeller was simulated
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Figure 3.55: DA4002 geometry comparison of the designed, 5-in, and 9-in propellers: (a) chord distribution
and (b) twist distribution.
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Figure 3.56: DA4002 (−10 deg pitch) geometry comparison of the designed, 5-in, and 9-in propellers:
(a) chord distribution and (b) twist distribution.
in PROPID with a pitch oﬀset. Results of this simulation are shown in Figs. 3.59–3.61. Just a diﬀerence
of 2 deg aﬀects the performance of the propeller in a large way. Besides increasing and lowering the thrust
and power, the advance ratio for the maximum eﬃciency moves. The DA4052 simulation was shown as an
example; however, it is expected that any actual misalignment should be less than 2 deg.
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Figure 3.57: DA4002 (−5 deg pitch) geometry comparison of the designed, 5-in, and 9-in propellers: (a) chord
distribution and (b) twist distribution.
0.00 0.25 0.50 0.75 1.00
0.00
0.25
0.50
0.75
r/R
c/
R
DA4002 +5 deg
Designed
5 in
9 in
(a)
0.00 0.25 0.50 0.75 1.00
 0
15
30
45
r/R
β (
de
g)
DA4002 +5 deg
Designed
5 in
9 in
(b)
Figure 3.58: DA4002 (+5 deg pitch) geometry comparison of the designed, 5-in, and 9-in propellers: (a) chord
distribution and (b) twist distribution.
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Figure 3.59: Thrust coeﬃcient results from PROPID of the DA4052 at 5000 RPM with changes in pitch.
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Figure 3.60: Power coeﬃcient results from PROPID of the DA4052 at 5000 RPM with changes in pitch.
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Figure 3.61: Eﬃciency results from PROPID of the DA4052 at 5000 RPM with changes in pitch.
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Chapter 4
Expected Propeller Results from
Theory
Before the results from the performance and slipstream tests are presented and discussed, this chapter reviews
the expected results from propeller theory, speciﬁcally momentum theory and blade element momentum
theory. Results from the theories are discussed, but the theories are not derived in this chapter. Derivations
of these theories are presented in many sources such as Johnson [31], Leishman [32], and McCormick [47].
The naming and numbering scheme for the variables in the discussion presented in this chapter is similar to
that used by McCormick [47].
4.1 Momentum Theory
In momentum theory, the propeller is modeled as an actuator disk that has a discontinuous increase in static
pressure. Figure 4.1 (adapted from McCormick [47]) shows how the ﬂow around the propeller is modeled.
Equations 4.1 and 4.2 show the results for the propeller thrust from using the momentum theorem.
T = ρA3V3 (V3 − V∞) (4.1)
T = A (p2 − p1) (4.2)
An important result is that the velocity at the propeller disk can be found to be the average of the freestream
velocity and the velocity far downstream.
V1 =
V∞ + V3
2
(4.3)
By introducing an induced velocity w, the velocity downstream an be deﬁned as
V3 = V∞ + 2w (4.4)
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Figure 4.1: Flow around a propeller using momentum theory (adapted from McCormick [47]).
Using Eq. 4.4 with Eq. 4.3, the velocity at the propeller is now
V1 = V∞ + w (4.5)
and the thrust can now be shown as
T = 2ρAw (V∞ + w) (4.6)
Solving for the induced velocity (Eq. 4.7) shows that disk loading (T/A) is an important factor. An increase
in the disk loading will increase the induced velocity.
w =
1
2
[
−V∞ +
√
V 2∞ +
2T/A
ρ
]
(4.7)
By applying the energy theorem to the system, the power added to the ﬂow by the propeller can be
shown to be the thrust multiplied by the velocity through the propeller.
P = T (V∞ + w) (4.8)
The power can be divided into the useful power
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Puseful = TV∞ (4.9)
and the induced power.
Pinduced = Tw (4.10)
The useful power is the power provided by the propeller that can be used to counter the required power
from the aircraft
Prequired = DV∞ (4.11)
where D is the aircraft drag. The induced power is the power added to the ﬂow from the process of creating
thrust.
Momentum theory provides a few important results. The ﬁrst is that the disk loading has a direct eﬀect
on the induced ﬂow (Eq. 4.7). As mentioned earlier, an increase in the disk loading will increase the induced
ﬂow. The dependence of the induced ﬂow on the disk loading can be used to explain how the Reynolds
number will aﬀect the slipstream of a propeller. During static conditions (V∞ = 0), the induced velocity
(Eq. 4.7) becomes
w =
√
T/A
2ρ
(4.12)
As will be discussed in Section 4.2, the Reynolds number can eﬀect the thrust coeﬃcient (CT ) and
therefore the thrust by Eq. 4.13
T = ρn2D4CT (4.13)
Substituting the above thrust equation and the equation for the disk area (Eq. 4.14) into Eq. 4.12, the
induced velocity can be written in terms of the thrust coeﬃcient and the rotational rate (Eq. 4.15).
A =
π
4
D2 (4.14)
w =
√
2
π
n2D2CT (4.15)
The new static induced velocity equation shows that an increase in the thrust coeﬃcient or the rotational
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rate will increase the induced velocity. To isolate the Reynolds number eﬀects, the induced velocity can be
divided by the tip speed of the propeller (VT = πnD).
w
VT
=
√
2
π3
CT (4.16)
Equation 4.16 shows that for a given propeller, the ratio of the induced velocity to the tip speed is a function
of the thrust coeﬃcient.
The induced velocity in an advancing ﬂow slipstream is shown in Eq. 4.7. As shown in the equation, the
freestream velocity has a direct eﬀect on the magnitude of the induced velocity. By dividing the induced
velocity by the freestream velocity, the ratio of the induced velocity to the freestream velocity is shown to
be
w
V∞
=
1
2
[
−1 +
√
1 +
2T
ρAV 2∞
]
(4.17)
Substituting in the thrust and disk area equations (Eqs. 4.13 and 4.14), as was done in the static case, results
in
w
V∞
=
1
2
[
−1 +
√
1 +
8
π
n2D2CT
V 2∞
]
(4.18)
By using the deﬁnition of the advance ratio, Eq. 4.18 becomes
w
V∞
=
1
2
[
−1 +
√
1 +
8
π
CT
J2
]
(4.19)
For a propeller at a constant advance ratio, the ratio of the induced velocity to the freestream velocity is a
function of the thrust coeﬃcient.
Another result from momentum thoery is that it helps explain the decrease in the cross-sectional area
of the propeller slipstream. From Eq. 4.4, the velocity in the slipstream far downstream is the freestream
velocity plus twice the induced velocity, and Eq. 4.5 shows that the velocity at the propeller is the freestream
velocity plus the induced velocity. This doubling of the induced ﬂow can be explained by modeling the
slipstream as a streamtube with vorticity (Fig. 4.2). At the propeller, the stream tube is semi-inﬁnite and
produces the induced velocity w at the propeller. Far downstream the streamtube now looks inﬁnite in both
directions so the induced velocity would double. Since continuity must hold true inside the streamtube, the
area of the streamtube must decrease as the velocity increases.
A method to estimate the thrust of the propeller from pressure measurements is also a results from
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Figure 4.2: Increase in induced ﬂow of a propeller slipstream.
momentum theory. The rotational ﬂow created by the propeller in the slipstream is ignored in classic
momentum theory, so the total pressure upstream and downstream of the propeller can be written as
Upstream: p0u = p∞ +
1
2
ρV 2∞ = p1 +
1
2
ρV 21 (4.20)
Downstream: p0d = p∞ +
1
2
ρV 23 = p2 +
1
2
ρV 21 (4.21)
Subtracting Eq. 4.20 from Eq. 4.21 shows that the diﬀerence in the static pressure is the same as the
diﬀerence in the total pressure.
p0d − p0u = p2 − p1 (4.22)
So the relationship between the thrust and the pressure diﬀerence (Eq. 4.2) can be rewritten in terms of the
total pressure.
T = A (p0d − p0u) (4.23)
For an incremental part of the slipstream along the radius (dr), Eq. 4.23 can be written as
dT =
2
B
πr (p0d − p0u) dr (4.24)
to ﬁnd the thrust distribution along a blade of the propeller where B is the number of blades. As stated
earlier, the above equation assumed that the rotational ﬂow behind the propeller can be ignored. The total
pressure upstream and downstream of the propeller is more correctly written as
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Upstream: p0u = p1 +
1
2
ρV 21 (4.25)
Downstream: p0d = p2 +
1
2
ρ(v2x + v
2
y + v
2
z) (4.26)
where vx, vy, are vz are the components of the velocity in the slipstream in the axial, tangential, and radial
directions, respectively. Equation 4.25 assumes that the propeller does not impart any signiﬁcant rotational
velocity on the ﬂow ahead of the propeller so that the total pressure ahead of the propeller is the same as
the freestream total pressure. Stanton and Marshall [25] showed through experiments that the total pressure
ahead of the propeller was indeed the same as the freestream total pressure. If the tangential and radial
components are small compared to the axial component, then Eq. 4.24 will provide a reasonable estimation
of the thrust. Stanton et al. [25] and Fage et al. [26, 48, 49] showed in experiments that using the diﬀerence
in total pressure did provide a close approximation to the thrust measured directly from the propeller as
long as propeller was not operating near static conditions. When the propeller is close to static conditions,
V∞ is close to zero, and the axial velocity behind the propeller is not signiﬁcantly larger than the tangential
and radial velocities for the tangential and radial velocities to be ignored.
4.2 Blade Element Momentum Theory
Blade element momentum theory (BEMT) combines the results from momentum theory with the results
from the forces acting on a blade element of a propeller. One signiﬁcance of BEMT is that if the aerodynamic
properties of the airfoil sections along the propeller blades are known, the performance of the propeller can
be calculated. Figure 4.3 (adapted from McCormick [47]) shows the forces acting on a blade element of a
propeller at a radius r from the propeller center. The rotational velocity for the blade element is ωr where
ω is the rotational rate in radians per second. The freestream velocity is denoted as V∞, and VR is the
resultant velocity from the rotational and freestream velocities. The induced angle of attack is shown as
αi and the induced velocity as w. One important concept from the ﬁgure is that the induced velocity now
has a component in the axial direction and in the tangential direction. The last velocity VE is the velocity
that the airfoil sees and is at the element angle of attack α. The lift (dL) and drag (dD) components are
perpendicular and parallel to VE , respectively.
The incremental thrust and torque can be put in terms of the lift and drag by
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Figure 4.3: Blade element of a propeller with the corresponding forces and velocities (adapted from Mc-
Cormick [47]).
dT = dL cos (φ+ αi)− dD sin (φ+ αi) (4.27)
dQ = r [dL sin (φ+ αi) + dD cos (φ+ αi)] (4.28)
The incremental lift and drag are written in terms of the lift and drag coeﬃcients by
dL =
1
2
ρV 2EcCldr (4.29)
dD =
1
2
ρV 2EcCddr (4.30)
where c is the chord of the blade element. Using the deﬁnitions of the thrust and power coeﬃcients given
in Section 2.5, the thrust and power coeﬃcients for the propeller can be written as Eqs. 4.31 and 4.32,
respectively, using Eqs. 4.27–4.30
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CT =
π
8
∫ 1
xh
(
J2 + π2x2
)
σ1 cos
2 αi [Cl cos (φ+ αi)− Cd sin (φ+ αi)] dx (4.31)
CP =
π
8
∫ 1
xh
πx
(
J2 + π2x2
)
σ1 cos
2 αi [Cl sin (φ+ αi) + Cd cos (φ+ αi)] dx (4.32)
The variable x and σ1 are deﬁned as
x =
r
R
(4.33)
σ1 =
Bc
πR
(4.34)
and xh is the hub location where the propeller blade starts.
From the thrust and power coeﬃcient equations (Eqs. 4.31 and 4.32), the eﬀect of Reynolds number can
be discussed. Airfoil tests at Reynolds numbers below 500,000 have shown that the lift coeﬃcient decreases
and the drag coeﬃcient increases as the Reynolds number decreases. The eﬀects on the lift and drag
coeﬃcients are more pronounced at Reynolds numbers below 100,000 [1–7]. If the lift coeﬃcient decreases,
both the thrust and power coeﬃcients will decrease, but typically the decrease in thrust will be more due to
the cosine term. If the drag coeﬃcient increases, the thrust coeﬃcient will decrease and the power coeﬃcient
will increase. Ideally a designer wants a propeller that will produce a given thrust at the lowest power. A
decrease in thrust and an increase in power with decreasing Reynolds number causes a propeller to be less
eﬃcient.
To illustrate the eﬀect of Reynolds number on the performance of a propeller, the 9-in DA4002 propeller
with two blades was analyzed in PROPID, a BEMT code developed by Prof. Selig [43, 44]. As discussed in
Section 3.2, the blades of the DA4002 are rectangular and have a c/R ratio of 0.18. The SDA1075 airfoil
is used all along the blade except near the hub, and the airfoil aerodynamic characteristics are shown in
Fig. 4.4. These aerodynamic characteristics were found using XFOIL and show that as the Reynolds number
decreases, the lift coeﬃcient decreases and the drag coeﬃcient increases. The change in the lift and drag
with Reynolds number can be explained by the behavior of the boundary layer. At these Reynolds numbers
a laminar separation bubble can form on the airfoil [1, 50]. Figure 4.5 from McGranahan [50] shows a
schematic of a laminar separation bubble. Point ‘S’ is where the laminar ﬂow separates from the airfoil due
to an adverse pressure gradient. The ﬂow oﬀ of the airfoil surface eventually transitions to turbulent and is
shown in the ﬁgure as point ‘T.’ The more energetic ﬂow will reattach to the airfoil at point ‘R’ and continue
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downstream as a turbulent boundary layer. The size of the laminar separation bubble will aﬀect the lift
and drag of the airfoil. A larger bubble will decrease the lift and increase the drag more, and the bubble
typically grows as the Reynolds number decreases.
The DA4002 propeller was analyzed at rotational rates of 2000, 3000, 4000, and 5000 RPM, which
correspond to Reynolds numbers based on the rotational velocity and chord at the 75% station of 25,300,
37,900, 50,600, and 63,200. It is common to list the Reynolds number of a propeller by its Reynolds number
at the 75% station based only on the rotational velocity; however, the actually Reynolds number along the
span will vary and will be greater if it is in an advancing ﬂow. A plot of the Reynolds number distribution
along the propeller blade for the DA4002 propeller at 5000 RPM is shown in Fig. 4.6. Three diﬀerence
Reynolds number distributions are shown in this ﬁgure: the Reynolds number based solely on the rotation
speed, the true Reynolds number at an advance ratio of 0.30, and the true Reynolds number at an advance
ration of 0.60. The true Reynolds numbers were calculated from PROPID. As seen in the ﬁgure, the Reynolds
numbers based on the rotation rate is very close to the two true sets of Reynolds numbers. It is typically
more convenient to just list the Reynolds numbers based on the rotational rate since it is usually known
while the true velocity requires some type of analysis such as BEMT. Figure 4.6 shows that the Reynolds
number based on the rotational speed is ﬁne when describing the variation in Reynolds number along a
propeller blade. Figure 4.7 shows how the Reynolds number along the propeller blade changes with diﬀerent
rotational rates. This ﬁgure shows the true Reynolds number from PROPID at an advance ratio of 0.60.
As the rotational rate increases, the variation in Reynolds number along the span increases, and a larger
portion of the blade sees the beneﬁts of larger Reynolds numbers.
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Figure 4.4: Drag polar for the SDA1075 airfoil from XFOIL analysis.
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Figure 4.5: Laminar separation bubble schematic from McGranahan [50].
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Figure 4.6: Reynolds number variation along the propeller blade for the DA4002 9×6.75 at 5000 RPM.
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Figure 4.7: Reynolds number variation along the propeller blade for the DA4002 9×6.75 at an advance
ration of 0.60.
As shown in Fig. 4.8, the thrust coeﬃcient increases as the rotational rate, and therefore the Reynolds
number, increases. This thrust coeﬃcient increase is seen for all the advance ratios. The Reynolds number
eﬀect on the power coeﬃcient (Fig. 4.9) is diﬀerent in that the power coeﬃcient decreases with increasing
Reynolds number at lower advance ratios but then increases with increasing Reynolds number at larger
advance ratios. To help explain the Reynolds number eﬀects on CT and CP , the lift and drag coeﬃcients
along the propeller blade are plotted in Figs. 4.10 and 4.11, respectively, for two rotational rates and two
advance ratios. For both advance ratios, the increase in Reynolds number (rotation rate) leads to an increase
in the lift coeﬃcient and a decrease in the drag coeﬃcient. Both of these changes are beneﬁcial to increasing
the thrust coeﬃcient as shown in Eq. 4.31. For the power coeﬃcient, a decrease in the drag coeﬃcient is
beneﬁcial while an increase in lift is not (Eq. 4.32). At J=0.30, the drag coeﬃcient decrease is larger than
at J=0.60, and the lift coeﬃcient increase is smaller at J=0.30 than at J=0.60. These diﬀerences at the
two advance ratios explain the reason why a larger Reynolds number is beneﬁcial to the power coeﬃcient
at lower advance ratios but not at the higher advance ratios. The larger decrease in the drag coeﬃcient at
the lower advance ratios is enough to oﬀset the lift coeﬃcient increase, but at the higher advance ratios, the
drag decrease is less and the larger increase in the lift coeﬃcient is dominate.
Nevertheless, for all of the advance ratios, the diﬀerences in the power coeﬃcient are not as large as
diﬀerences in the thrust coeﬃcient, and the increase in the thrust coeﬃcient is the reason for the increase in
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Figure 4.8: DA4002 9×6.75 thrust coeﬃcient from PROPID.
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Figure 4.9: DA4002 9×6.75 power coeﬃcient from PROPID.
the eﬃciency shown in Fig. 4.12. At lower advance ratios, the diﬀerences in the eﬃciency are not as large as
those near the point of maximum eﬃciency. Beyond the advance ratio for maximum eﬃciency, the curves
spread out and the higher Reynolds number cases will cross the line of zero eﬃciency at a larger advance
ratio. This delay in zero eﬃciency is due to the propeller being able to produce more thrust (CT ) at larger
advance ratios as was shown in Fig. 4.8. The eﬃciency plot also shows that the maximum eﬃciency achieved
for this propeller at these Reynolds numbers is around 70%. According to McCormick [47], a well design
propeller typically has an eﬃciency around 85%. The diﬀerence of 15% in maximum eﬃciency highlights
the large performance loss that occurs when operating propellers at Reynolds numbers around 100,000 and
less.
As the rotational rate, and therefore the Reynolds number, increases, so does the force on the propeller.
81
0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
0.0
0.2
0.4
0.6
0.8
1.0
r/R
Cl
J=0.3, 2k RPM
J=0.3, 5k RPM
J=0.6, 2k RPM
J=0.6, 5k RPM
Figure 4.10: Lift coeﬃcient distribution for the DA4002 9×6.75 at two rotational rates and two advance
ratios.
Since some of the propellers tested have thin cross-sections and are made of material that can ﬂex, the
possibility that the blade may bend and twist is a concern. How bending and twisting eﬀects the performance
of the blade needs to be determined in order to see if changing blade geometry will mask any Reynolds number
eﬀects. The 9-in DA4002 propeller was again analyzed in PROPID with changes to the propeller pitch in
order to simulate a possible deforming of the propeller when it is under load during testing. The thrust
coeﬃcient results (Fig. 4.13) show that a change in pitch shifts the CT curve up for a pitch increase and
down for a pitch decrease. The same trend is seen with the power coeﬃcient results (Fig. 4.14). For the
eﬃciency curves (Fig. 4.15), changes in pitch move the advance ratio value for maximum eﬃciency. An
increase in pitch will increase the advance ratio, and a decrease in pitch will decrease the advance ratio.
For this propeller, a larger pitch also increases the maximum eﬃciency. The eﬀect of pitch on the eﬃciency
of full scale propellers is similar as shown in Fig. 4.16. At lower pitch values, as the pitch increases, the
maximum eﬃciency increases and the advance ratio for maximum eﬃciency increases. As the pitch continues
to increase, the advance ratio for maximum eﬃciency also increases, but the maximum eﬃciency levels out
and stays fairly constant around 85%. If the pitch continued to increase, it is expected that the maximum
eﬃciency will start to decrease.
From the results in Figs. 4.13–4.15, some of the eﬀects of increasing the pitch are similar to the eﬀects of
increasing the Reynolds number. Both the thrust coeﬃcient and the eﬃciency increase with an increase in
Reynolds number or pitch, but the advance ratio value for maximum eﬃciency does not move as much with
a Reynolds number increase. In fact, the advance ratio might not move at all as seen between the 4000 and
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Figure 4.11: Drag coeﬃcient distribution for the DA4002 9×6.75 at two rotational rates and two advance
ratios.
5000 RPM cases. A large diﬀerence between Reynolds number changes and pitch changes was shown in the
power coeﬃcient. An increase in pitch increased the power coeﬃcient, but an increase in Reynolds number
decreased the power coeﬃcient at low advance ratios and increased the coeﬃcient at high advance ratios.
Comparing the eﬀects of pitch and Reynolds number show that one eﬀect might be masked by the other. For
example, the Reynolds number is increased by rotating the propeller faster, so by increasing the Reynolds
number, the forces on the propeller will increase. This increase in the forces has a greater possibility to twist
the blade and thereby increase the pitch. It is expected that an increase in Reynolds number will increase
the thrust coeﬃcient and the eﬃciency, but if the pitch also increases, the thrust and eﬃciency will increase
more. An increase in the power coeﬃcient or a large increase in the advance ratio for maximum eﬃciency
might help distinguish if the change in propeller performance is due solely to Reynolds number eﬀects or if
a change in pitch also occurred. If a large decrease in drag with an increase in Reynolds number is expected
based on the airfoil used for the propeller, then an increase in the power coeﬃcient probably means that
the propeller blade is twisting under load. In the following propeller performance chapters, a discussion on
pitch measurements of propellers while under loading is included.
The ﬁnal expected result from blade element momentum theory deals with scaling propellers. From the
equations for the thrust and power coeﬃcients (Eqs. 4.31 and 4.32), the size of the propeller should not
matter since all of the terms are nondimensional. However, the eﬀect of the propeller size is important to
these equations in that it aﬀects the Reynolds number and the Mach number, which in turn will aﬀect Cl,
Cd, and αi. The propellers studied in this research are small enough that the Mach number will not be a
factor, but as shown earlier, the Reynolds number will have an eﬀect. If two propellers of diﬀerent sizes are
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Figure 4.12: DA4002 9×6.75 eﬃciency curves from PROPID.
tested at the same Reynolds number, then the CT and CP values for both propellers should be the same
when the advance ratio is the same. To have propellers of diﬀerent sizes have the same Reynolds number
requires the smaller propeller to spin at a higher rotational rate. PROPID was used to simulate a 5-in and
9-in DA4002 propeller. The 9-in propeller had a rotational rate of 2000 RPM, and the 5-in had a rotational
rate of 6480. These rates correspond to a Reynolds number of 25,300. The results for CT , CP , and η are
shown in Figs. 4.17, 4.18, and 4.19, respectively. In each ﬁgure, the results for the 5-in and 9-in propeller
are exactly the same. While the coeﬃcients are the same for both propellers, some of the dimensional values
will be diﬀerent. The thrust for both propellers is the same, but the disk loading for the 5-in propeller will
be 3.24 times the 9-in propeller. Also the power for the 5-in propeller will be 1.8 times the power of the 9-in
propeller. The thrust and power values show that to produce the same thrust, the smaller 5-in propeller will
require more power. By looking at Eq. 4.7, the larger freestream velocity and larger disk loading of the 5-in
propeller will produce a larger induced velocity, and by Eq. 4.8, the larger freestream velocity and larger
induced velocity will produce a larger power. A conclusion from this simulation is that while the coeﬃcients
will be the same for scaled propellers at the same Reynolds numbers, the smaller propeller will require more
power to produce the same thrust.
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Figure 4.13: DA4002 9×6.75 thrust coeﬃcient from PROPID for 3000 RPM with pitch angle changes.
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Figure 4.14: DA4002 9×6.75 power coeﬃcient from PROPID for 3000 RPM with pitch angle changes.
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Figure 4.15: DA4002 9×6.75 eﬃciency curves from PROPID for 3000 RPM with pitch angle changes.
Figure 4.16: Eﬃciency curves for the 10-ft 5868-9 propeller tested by NACA. This propeller is the full-scale
of the NR640 tested for this research. Figure taken from Hartman [41].
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Figure 4.17: Thrust coeﬃcient for the DA4002 at Re = 28, 7000 from PROPID.
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Figure 4.18: Power coeﬃcient for the DA4002 at Re = 28, 7000 from PROPID.
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Figure 4.19: Eﬃciency curves for the DA4002 at Re = 28, 7000 from PROPID.
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Chapter 5
Static Performance
Under static conditions, a propeller is stationary and sees no advancing ﬂow. Static performance is important
in determining the takeoﬀ behavior of an aircraft or how well it can hover. Every oﬀ-the-shelf propeller and
3D printed propeller described in Chapter 3 was tested under static conditions, and the results are presented
in this chapter. Static results for each propeller are provided in the form of static thrust and power coeﬃcients
versus the RPM. The Reynolds number of the 75% blade station based on the rotational velocity is also
provided. To aid in the discussion of the eﬃciency of the propeller during static conditions, the hover ﬁgure
of merit was calculated for each propeller.
5.1 Oﬀ-the-Shelf Propellers
The static performance of all 27 oﬀ-the-shelf propellers were measured. To ease the discussion, the propellers
are divided into the same ﬁve categories used in the geometry discussion (Chapter 3): APC, GWS, Micro
Invent, Plantraco, and Miscellaneous. From the static testing of a variety of oﬀ-the-shelf propellers, some
general conclusions on the static performance of small propeller can be made.
5.1.1 APC Propellers
Figure 5.1 shows the static performance data for the 4.2×2 propeller. As the RPM increases, the static
thrust coeﬃcient increases and the static power coeﬃcient decreases. As shown in the ﬁgure, increasing the
rotational rate also increases the Reynolds number. Since the only thing changing with the propeller during
testing is the Reynolds number, the changes in the static coeﬃcients are due to Reynolds number eﬀects.
From Eq. 4.31, an increase in CT is due to either an increase in Cl, a decrease in Cd, or both. In order
to decrease CP (Eq. 4.32), the Cl must decrease, Cd must decreases, or both must decrease. Since Fig. 5.1
shows both an increase is CT0 and a decrease in CP0 , the overall Cl of the propeller increased while the Cd
decreased. As mentioned before, an increase in Cl and a decrease in Cd are the general trends for an airfoil
when the Reynolds number is increased.
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Figure 5.1: APC Sport 4.2×2 static performance.
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Figure 5.2: APC Free Flight 4.2×4 static performance.
Results for the 4.2×4 propeller are shown in Fig. 5.2. This propeller also shows an increase in the CT0 but
not as much as the 4.2×2 propeller. A decrease in CP0 is also present for the 4.2×4 propeller but is mostly at
the lower rotational rates. The larger pitch of the 4.2×4 results in both larger thrust and power coeﬃcients
when compared to the 4.2×2. Figure 5.3 presents the results for the 9×4, and Fig. 5.4 presents the results
for the 9×6. These two propellers also have an increase in CT0 and decrease in CP0 as the Reynolds number
increases.
Since the chord distribution is basically the same for the four propellers, Fig. 5.5 was created to compare
the propeller performance as a function of the Reynolds number. Propellers 4.2×2 and 9×4 have about the
same p/D, so it makes sense that the performance curves for these two propellers overlap. The locations
of the curves for the other two propellers also make sense based on their respective p/D. The 4.2×4 has
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Figure 5.3: APC Free Flight 9×4 static performance.
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Figure 5.4: APC Sport 9×6 static performance.
the largest ratio, so it is expected to have the largest thrust and power coeﬃcient. The 9×6 has the next
largest, so it should have a larger thrust and power coeﬃcient than the 4.2×2 and 9×4.
Figure 5.6 shows the ﬁgure of merit for the APC propellers. The FM was calculated using Eq. 2.14. In
the ﬁgure, there is another overlap region for the 4.2×2 and the 9×6 propellers. According to Leishman [32],
a helicopter rotor with a good hovering performance has a FM between 0.7 and 0.8. The FM for the
APC propellers are lower than 0.7, but these values are not surprising since these propellers operate at
a much lower Reynolds number and were not designed for hover eﬃciency. However, the 9-in propellers
do reach a FM above 0.6. The range of FM values produced from the APC propellers and the other
propellers discussed in this Chapter are within the same range seen by other small scale rotors presented in
the literature [20–23]. Even though only four APC propellers are shown in Fig. 5.6, two general trends are
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Figure 5.5: Static performance of the APC propellers as a function of Reynolds number: (a) CT data and
(b) CP data.
seen. The ﬁrst is that larger propellers tend to have a larger FM , and the second is that for propellers of
the same diameter, a lower p/D tends to have a larger FM .
When dealing with FM , Johnson [31] and Leishman [32] caution that an increase in disk loading (thrust
over disk area, T/A) can lead to a larger FM , so T/A must be considered when comparing the FM of
diﬀerent rotors. This increase in FM is explained by looking at the two components of the actual power:
induced power and proﬁle power. With both terms for power, the deﬁnition of the ﬁgure of merit becomes
FM =
Ideal Power
Actual power
=
Ideal Power
Induced power + Proﬁle power
(5.1)
Johnson [31] and Leishman [32] modeled the induced power by
Pi =
κC
3/2
TFM√
2
(5.2)
The equation for the induced power is the same as the ideal power with the addition of κ, which is an
empirically found factor that is usually around 1.15 [32]. The proﬁle power was modeled by Johnson and
Leishman as
Pp =
σCd0
8
(5.3)
where σ is the solidity and Cd0 is the proﬁle drag coeﬃcient of the propeller blade. Using the deﬁnitions of
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Figure 5.6: Figure of merit for the APC propellers.
the power components, the ﬁgure of merit can be written as
FM =
C
3/2
TFM√
2
κC
3/2
TFM√
2
+
σCd0
8
(5.4)
It should be noted that the discussion of the FM by Johnson and Leishman is for a helicopter rotor where
it is assumed that rotor is spinning at a constant rate and the thrust of the rotor is increased by changing
the pitch. For a helicopter rotor, as the disk loading increases, the induced power increases relative to the
proﬁle power, and a larger FM will result [31, 32]. Typically the FM will increase until a maximum value is
reached, and at that point the FM will either stay fairly constant or start to decrease due to an increasing
proﬁle power term. In other words the proﬁle drag will start to dominate.
At ﬁrst the idea of an increase in T/A will increase the hover eﬃciency (FM) seems counter intuitive.
From propeller theory, it is generally expected that a lower T/A will increase eﬃciency. However, the
eﬃciency rise with a lower T/A is typically achieved by keeping the thrust constant and increasing the disk
area. The above discussion of T/A increasing is for a rotor with a ﬁxed disk area and the thrust increases
by changing the pitch. If the disk loading were to decrease by increasing the disk area (i.e. increase the
diameter), an increase in FM many times is still seen. This increase in FM with an increase in diameter is
shown with many of the propellers tested in this research. In summary, for helicopter rotors, an increase in
CT will increase FM for the same rotor, and an increase in the diameter will also increase the FM .
Since all the propellers tested in this research have a ﬁxed pitch, the thrust is increased by increasing the
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Figure 5.7: GWS Direct Drive 2.5×0.8 static performance.
rotation rate and not by changing the pitch as is done with helicopter rotors. As the rotation rate increases,
the Reynolds number increases. As seen in the static performance plots and discussed earlier, the increasing
Reynolds number caused the CT0 to increase and the CP0 to decrease. The decrease in CP0 means that
the drag coeﬃcient for the blade decreased. It is not surprising then that the FM increased when the CT
increased for the APC propellers. As the CT is increasing, the Cd0 is decreasing, and the FM will increase
overall.
5.1.2 GWS Propellers
As mentioned in Sec. 3.1.2, the GWS propellers came in two general planforms: rectangular and tapered.
The static performance of the four rectangular propellers will be discussed ﬁrst followed by the seven tapered
propellers. Figure 5.7 shows the static performance results of the 2.5×0.8 propeller. Over the range of the
rotational rates tested, CT0 holds fairly constant while CP0 decreases. From these results, it is concluded
that the overall lift coeﬃcient of the propeller blades does not increase with increasing Reynolds number,
but the drag coeﬃcient does decrease. The behavior of the 2.5×0.8 is also seen in the 2.5×1 (Fig. 5.8). The
thrust coeﬃcient of the 2.5×1 is basically constant, and there is a small decrease in the power coeﬃcient.
Since the pitch is larger than the 2.5×0.8, the thrust and power curves are shifted up.
The 3- and 4-in rectangular propellers are shown in Figs. 5.9 and 5.10, respectively. For the 3×2 propeller,
the CT0 increases with increasing Reynolds number, but the CP0 is fairly constant except for a decrease at
the lower Reynolds numbers. The 4×2.5 also shows an increase in CT0 , but it has more of a decrease in
CP0 . From the performance results, the lift coeﬃcients of both propellers are most likely increasing with
increasing Reynolds number while the drag coeﬃcients are decreasing. The reason that the drag coeﬃcient
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Figure 5.8: GWS Direct Drive 2.5×1 static performance.
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Figure 5.9: GWS Direct Drive 3×2 static performance.
for the 3×2 propeller is decreasing, even though the power coeﬃcient stays fairly constant, is because if the
drag coeﬃcient was not decreasing, the increasing lift coeﬃcient would have caused the power coeﬃcient to
increase.
Figure 5.11 shows the static performance results of all four rectangular propellers versus the Reynolds
number. The eﬀect of the pitch is directly seen in this ﬁgure in that the propeller with the highest p/D has the
largest thrust and power coeﬃcients while the lowest p/D has the smallest coeﬃcients. The ﬁgure of merit
plot for the rectangular propellers is shown in Fig. 5.12. The 3- and 4-in propellers had increasing thrust
coeﬃcients in the static performance plots, so it is not surprising that the FM plots for these propellers are
similar in shape to the APC propellers. The two 2.5-in propellers did not have an increasing CT , so the FM
data are nearly vertical. Since the power coeﬃcients of the 2.5-in propellers did decrease with increasing
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Figure 5.10: GWS Direct Drive 4×2.5 static performance.
Reynolds numbers, a range of FM values are seen. It is diﬃcult to make any general comments from the
FM plot of the rectangular planform propellers. The 3- and 4-in propeller did typically have larger FM
values that the 2.5-in propellers, but there is not clear diﬀerence between the 3- and 4-in propellers. With
the APC propellers, it was seen that for propellers with the same diameter, a lower pitch would result in a
larger FM . For the rectangular planform, this is not true for the 2.5-in propellers. A possible reason for
this diﬀerence is that the pitch of the 2.5×1 propeller might put the propeller blade at a better angle of
attack to reach a larger lift to drag ratio. This reason is supported by the performance comparison plot in
Fig. 5.11. The 2.5×1 has a greater CT0 than the 2.5×0.8, but the CP0 is not that much greater. From this
behavior, it seems that the 2.5×1 experienced a larger lift coeﬃcient without a large increase in the drag
coeﬃcient.
Turning to the tapered propellers, the static performance data of the 3×3 and 4×4 propellers are shown
in Figs. 5.13 and 5.14, respectively. Both propellers have the same p/D of 1, but the 3×3 has a higher solidity,
which causes the thrust and power coeﬃcients to be larger than the 4×4. Both propellers see an increase in
CT0 with an increase in Reynolds number and a CP0 that stays fairly constant. The pitch coeﬃcient for the
3×3 does see a decrease with an increase in Reynolds numbers at the lower values. From the discussion on
the 3×2, it is concluded that the lift coeﬃcient increases and the drag coeﬃcient decreases with increasing
Reynolds number.
The 4.5×3 propeller results (Fig. 5.15) are very similar to the 3×3 in that the thrust coeﬃcient increases
while the power coeﬃcient is nearly the same except at the lower Reynolds numbers. Figure 5.16 shows the
results of the 4.5×4, and it shows an increasing CT0 and a decreasing CP0 . Results for the 5×3 (Fig. 5.17)
are similar to 4.5×4 and 3×3 with the increase in CT0 and constant CP0 . However, the results for the 5×4.3
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Figure 5.11: Static performance of the GWS rectangular propellers as a function of Reynolds number: (a) CT
data and (b) CP data.
(Fig. 5.18) are more like the 2.5-in rectangular propellers. For this propeller, the CT0 is nearly constant and
the CP0 decreases. The ﬁnal tapered GWS propeller is the 9×5 propeller shown in Fig. 5.19. This propeller
has an increase in CT0 and constant CP0 like many of the other GWS propellers.
The results of all of the tapered blades are compared in Fig. 5.20. While the geometry of the GWS
propellers are not as perfectly match to each other as with the APC propellers, the p/D trend is still
present; a propeller with a larger p/D produces a larger static thrust and power coeﬃcient. Those propellers
with similar p/D have similar static performance in the same Re range. Solidity also plays a part for the
3×3 and 9×5 propellers. The larger solidity for the 3×3 increased the thrust and power coeﬃcients while
the smaller solidity for the 9×5 lowered the coeﬃcients. The ﬁgure of merit plot for the tapered propellers
is given in Fig. 5.21. The same general trends in FM are seen in this ﬁgure: a smaller p/D and a larger
diameter are beneﬁcial. The 9×5 propeller produces the largest FM that peaks around 0.7. When compared
to the APC propellers and even the rectangular GWS propeller, it is noticed that the FM points seems
to be more clustered together for a given propeller. This clustering of points is indicative of less Reynolds
number eﬀects for a given propeller. If a propeller did not experience any Reynolds number eﬀects, the
static coeﬃcients would not change as the rotational rate changed. Many of the GWS tapered propellers
saw Reynolds number ranges where both the CT0 and CP0 did not change much. This lack of change indicates
that changes in the Reynolds number had little eﬀect in that Reynolds number range.
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Figure 5.12: Figure of merit for the GWS rectangular propellers.
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Figure 5.13: GWS Direct Drive 3×3 static performance.
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Figure 5.14: GWS Direct Drive 4×4 static performance.
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Figure 5.15: GWS Direct Drive 4.5×3 static performance.
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Figure 5.16: GWS Direct Drive 4.5×4 static performance.
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Figure 5.17: GWS Direct Drive 5×3 static performance.
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Figure 5.18: GWS Direct Drive 5×4.3 static performance.
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Figure 5.19: GWS Direct Drive 9×5 static performance.
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Figure 5.20: Static performance of the GWS tapered propellers as a function of Reynolds number: (a) CT
data and (b) CP data.
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Figure 5.21: Figure of merit for the GWS tapered propellers.
5.1.3 Micro Invent Propellers
The Micro Invent propellers consisted of three 2-blade propellers and two 3-blade propellers. The static
performance data for the 3.2×2.2 propeller is shown in Fig. 5.22. For the 3.2×2.2, the CT0 increases with
increasing Reynolds number, and the CP0 also increases but not as much. By using Eqs. 4.31 and 4.32
to analyze the static behavior of the propeller in the same manner as the APC and GWS propellers, it is
concluded that the lift coeﬃcient increases with increasing Reynolds number and there is little change in
the drag coeﬃcient. With the power coeﬃcient only increasing a little with increasing Reynolds number,
it is diﬃcult to determine whether the drag coeﬃcient is increasing a little, decreasing a little, or staying
the same with regards to increasing Reynolds number. If the lift coeﬃcient is signiﬁcantly larger than the
drag coeﬃcient, changes in the lift coeﬃcient will mask any changes in the drag coeﬃcient. The static
performance results of the other Micro Invent propellers point to the fact that the changes in CT0 and CP0
might not be solely based on Reynolds number eﬀects, but more likely due to the propeller bending and
twisting while under load.
The 4×2.7 propeller (Fig. 5.23) shows an increase in CT0 similar to the 3.2-in propeller, but the increase
in CP0 is much larger. The same trends in CT0 and CP0 are also shown with the 5×3.5 propeller (Fig. 5.24),
and the 3-blade 4.3×3.5 propeller (Fig. 5.25). The thrust coeﬃcient is about constant for the 3-blade 5×4
propeller (Fig. 5.26) for the rotational speeds tested. All four of the propellers also show that at ﬁrst, the
power coeﬃcient decreases with Reynolds number before increasing. In the region where CP0 decreases, the
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Figure 5.22: Micro Invent 3.2×2.2 static performance.
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Figure 5.23: Micro Invent 4×2.7 static performance.
conclusions drawn from Eqs. 4.31 and 4.32 make sense. As the Reynolds number increases, the lift coeﬃcient
increases while the drag coeﬃcient decreases. In the region where CP0 increases, it is concluded that the lift
coeﬃcient increases for the large increase in CT0 and the drag coeﬃcient increases for the large increase in
CP0 . However, a large drag coeﬃcient increase will also lessen the increase in CT0 .
Figure 5.27 shows the static performance of all the Micro Invent propellers. All of the propellers show an
increasing CT0 except the 3-blade 5×4 propeller, which is fairly constant. However, at the upper end of the
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Figure 5.24: Micro Invent 5×3.5 static performance.
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Figure 5.25: Micro Invent 3 blade 4.3×3.5 static performance.
rotation rates tested for the 5×4 propeller, it seems that CT0 might be starting to increase with increasing
Reynolds number. For the power coeﬃcient, all propellers except the 3.2-in propeller show a signiﬁcant
increase with increasing Reynolds number. Instead of using the lift and drag coeﬃcients to explain the
increase in CT0 and CP0 , another explanation is that the propeller pitch is changing. As seen with the APC
and GWS propellers, a larger p/D results in a larger thrust and power coeﬃcient. Since the Micro Invent
propellers are much more ﬂexible than the other oﬀ-the-shelf propellers, it is not unreasonable to guess that
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Figure 5.26: Micro Invent 3 blade 5×4 static performance.
these propellers are deforming under load.
While rotating, a propeller blade is subjected to several forces. The lift and drag of airfoil sections will
want to bend and twist the blade while the pitching moment of the airfoil will also want to twist the blade.
The rotating blade will also experience a centrifugal force that will want to keep the blade straight [51]. The
relative strength of these diﬀerent forces will determine how the blade will bend or twist.
In order to see how much these propellers might be changing their shape, the 5×3.5 propeller was
photographed while rotating at 7,000 RPM. A strobe light was used to freeze the propeller so that a camera
could photograph the front and side views of the propeller. From the side view photograph, the amount
of tip deﬂection was measured, and from both views, the twist distribution was found using PropScanner.
Figure 5.28 shows the side view of the 5×3.5 while it is at rest and while it is at 7,000 RPM. From these
photographs, it is seen that there is visible bending and twisting when the propeller is at 7,000 RPM. It is
also seen that the change in blade shape is not the same on both blades. Using the side view photographs,
the tip deﬂection was estimated to be about 0.098 in. A comparison of the blade geometry from PropScanner
between the original propeller and the propeller at 7,000 RPM is shown in Fig. 5.29. The c/R distribution
plot shows that PropScanner measured the same chord lengths for both propellers, which means that the
photographs taken at 7,000 RPM were of good quality. Since the propeller did not deform the same for
both blades, the twist distribution for the 7,000 RPM case is the average of the two blades. From the twist
distribution, it is shown that the 5×3.5 propeller twisted during static conditions, and the twist angle at all of
the blade stations beyond 50% increased. In other words the eﬀective pitch of the propeller increased. With
this information about the increasing twist angles, the static performance of the Micro Invent propellers
makes more sense. Since the pitch angle of the propellers increased as the rotational rate increased, the
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Figure 5.27: Static performance of the Micro Invent propellers as a function of Reynolds number: (a) CT
data and (b) CP data.
static thrust and power coeﬃcients both increased.
(a) Not spinning.
(b) 7,000 RPM.
Figure 5.28: Micro Invent 5×3.5 propeller under static conditions (thrust is pointed up).
The ﬁgure of merit values for the Micro Invent propellers are shown in Fig. 5.30, and the pattern for
the propellers is diﬀerent than the APC or GWS. Since both the thrust and power coeﬃcients increase with
increasing rotation rate, it looks like FM increases with CT , reaches a maximum value, and then starts to
decrease. As shown with the 5×3.5, the propellers deform and their pitch increases with increasing rotation
rate. As the pitch increases for these propellers, more of the blade will begin to stall and the drag coeﬃcient
will increase. When the drag increases, the power due to the proﬁle drag will start to have a larger eﬀect in
Eq. 5.4, and the ﬁgure of merit will decrease.
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Figure 5.29: Geometry comparison of the Micro Invent 5×3.5 propeller while at rest and at 7,000 RPM
during static conditions: (a) chord distribution and (b) twist distribution.
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Figure 5.30: Figure of merit for the Micro Invent propellers.
107
 5,000 10,000 15,000 20,000 25,000
0.05
0.10
0.15
Ω (RPM)
C T
o,
C P
o
Plantraco 57 mm× 20 mm
Static Case
CTo CPo
Re (103)
10 20 30
Figure 5.31: Plantraco 57 mm × 20 mm static performance.
5.1.4 Plantraco Propellers
As stated in the geometry chapter, the three Plantraco propellers have completely diﬀerent planform shapes.
The static performance of the smallest Plantraco propeller, 57 mm × 20 mm, is shown in Fig. 5.31. For this
propeller, the static thrust coeﬃcient is nearly constant, and the power coeﬃcient increases with increasing
Reynolds number. This behavior is diﬀerent than any of the APC or GWS propellers, and using Eqs. 4.31
and 4.32, it seems that both the lift and drag coeﬃcients increase with increasing Reynolds number. The
increasing drag coeﬃcient explains the increase in CP0 , and the increasing lift coeﬃcient is needed to counter
the negative eﬀect the increasing drag coeﬃcient has on CT0 .
The static results for the Tri-Turbofan (Fig. 5.32) show an increase in CT0 and an increase in CP0 past
12,000 RPM. The increase in CP0 is small, so most likely the lift coeﬃcient is increasing with Reynolds
number, and possibly the drag coeﬃcient is also increasing. If the drag coeﬃcient is increasing, the lift
coeﬃcient increase is large enough to counter it with regards to the increasing CT0 . Performance of the
100 mm propeller is shown in Fig. 5.33. Overall the thrust coeﬃcient increases with increasing Reynolds
number, but the power coeﬃcient ﬁrst decreases then increases with Reynolds number. In terms of the lift
and drag coeﬃcients, it is most likely that the lift coeﬃcient increases with increasing Reynolds number and
that the drag coeﬃcient ﬁrst decreases then starts to increase with Reynolds number.
The ﬁgure of merits of the three Plantraco propellers are shown in Fig. 5.34. Unlike the APC, GWS,
or Micro Invent propellers, the three Plantraco propellers have FM values that more clustered together.
The maximum values for these propellers are on the low end with values around 0.5 and less. For hovering
eﬃciency, these propellers should not be used.
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Figure 5.32: Plantraco Tri-Turbofan static performance.
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Figure 5.33: Plantraco 100 mm × 80 mm static performance.
5.1.5 Miscellaneous Propellers
Static performance results for the last four oﬀ-the-shelf propellers are presented in this chapter. Even
though the propellers all have diﬀerent planform geometries, the behavior of their static results are similar.
Figure 5.35 shows the results for the E-Flite propeller, Fig. 5.36 shows the KP folding results, Fig. 5.37
shows the Union propeller, and Fig. 5.38 shows the Vapor propeller. All four propeller have an increase in
CT0 with increasing Reynolds number meaning that the lift coeﬃcient is increasing. The four propellers also
have a fairly constant CP0 , which means that the drag coeﬃcient is decreasing with increasing Reynolds
number to counter the increase in the lift coeﬃcient.
Figure 5.39 shows the ﬁgure of merit for each propeller. The increase in CT0 spreads out the FM for
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Figure 5.34: Figure of merit for the Plantraco propellers.
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Figure 5.35: E-Flite 130 mm × 70 mm static performance.
each propeller similar to the FM plots of the APC and GWS propellers. The two largest propellers (E-Flite
and Vapor) have the largest maximum FM followed by the Union. Even though the KP propeller has a
larger diameter than the Union, it has a smaller maximum FM probably due to it having the largest p/D
value. All of the FM values are within the range of the other oﬀ-the-shelf propellers.
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Figure 5.36: KP AeroModels Folding 96 mm × 70 mm static performance.
   0   5,000 10,000 15,000 20,000
0.05
0.10
0.15
0.20
Ω (RPM)
C T
o,
C P
o
Union U−80 80 mm × 50 mm
Static Case
CTo CPo
Re (103)
0 10 20 30 40
Figure 5.37: Union U-80 80 mm × 50 mm static performance.
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Figure 5.38: Vapor 140 mm × 45 mm static performance.
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Figure 5.39: Figure of merit for the miscellaneous propellers.
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5.1.6 Summary of Oﬀ-the-Shelf Static Performance
From the testing of 27 oﬀ-the-shelf propellers, some general comments can be made about the static perfor-
mance of small-scale propellers. Propellers that shared a common blade geometry across diﬀerent diameters
(such as the APC and GWS propellers) showed that the ﬁgure of merit is improved as the diameter is
increased and the p/D is decreased. Surprisingly for propellers that are not designed for hover, many of
the propellers had FM values of around 0.6 and greater. From the trends in the static thrust and power
coeﬃcients, the behavior of the lift and drag coeﬃcients of the blade airfoils could be determined. Many of
the propellers exhibited the common Reynolds number eﬀects in that the lift coeﬃcient increases and the
drag coeﬃcient decreases with increasing Reynolds number. The increasing lift coeﬃcient and the decreasing
drag coeﬃcient appear in the static performance data as an increase in the static thrust coeﬃcient and a
decrease in the static power coeﬃcient. The one set of propellers that showed a diﬀerent static behavior was
the Micro Invent propellers. These propellers are more ﬂexible than the other oﬀ-the-shelf propellers and
were shown to deform under static conditions. As the rotation rate increases, the pitch of a Micro Invent
propeller increases, and both the thrust and power coeﬃcients increase.
5.2 3D Printed Propellers
While the oﬀ-the-shelf propellers provided some general trends with regards to the static performance, the
3D printed propellers will allow a better look by controlling the propeller geometry. With known geometry
at two diﬀerent sizes, the scalability of the performance results can be examined. The four 3D printed
propellers were tested in various conﬁgurations under static conditions. Table 3.6 in the Geometry chapter
provides a list of all the conﬁgurations tested. The static performance of each conﬁguration is presented,
and if the 5- and 9-in versions were both tested, then a comparison between them is also given.
5.2.1 DA4002
The diﬀerent conﬁgurations of the DA4002 were tested to show the eﬀect of changing the pitch angle on the
propeller. From the static results of the APC and GWS propellers and the expected results from theory,
an increase in pitch will increase the thrust and power coeﬃcient, and a decrease in pitch will have the
opposite eﬀect. Static results for the baseline 2-blade DA4002 are shown in Fig. 5.40 for the 5-in propeller
and Fig. 5.41 for the 9-in propeller. The two propeller sizes are compared in Fig. 5.42, and an excellent
agreement occurs between the two sizes in the region where they overlap in Reynolds number.
It is expected that there should be agreement in the static performance between the two propellers
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Figure 5.40: DA4002 5×3.75 static performance.
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Figure 5.41: DA4002 9×6.75 static performance.
when the Reynolds numbers match. From the PropScanner measurements shown in Fig. 3.55, the 5- and
9-in versions of the DA4002 have nearly the same geometry. Since the geometry is the same then at the
same Reynolds number, the blade sections for the 5-in propeller should be producing the same lift and drag
coeﬃcients as the respective blade sections for the 9-in propeller. With the same lift and drag coeﬃcients, the
propellers will produce the same thrust and power coeﬃcients as demonstrated with PROPID in Figs. 4.17–
4.19. While the PROPID ﬁgures were for the propellers in an advancing ﬂow, the same will hold true for
the propeller in static conditions.
Figures 5.43–5.45 provide the static results for the DA4002 with a decrease of 10 deg in pitch. The
lower pitch angle dramatically decreases the thrust and power coeﬃcient for the propellers. Both 5- and
9-in propellers mostly agree in the Re overlap region. At the largest rotational rates for the 5-in propeller,
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Figure 5.42: Static performance comparison for the 2-blade DA4002: (a) thrust coeﬃcient and (b) power
coeﬃcient.
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Figure 5.43: DA4002 5×1.58 static performance.
an increase in CT is seen that does not match the 9-in. From the PropScanner results on the −10 deg hub
(Fig. 3.56), the diﬀerences in the twist angles for the 5- and 9-in are very small with the 9-in having a slightly
smaller angle. The diﬀerences in CT shown in Fig. 5.45 do not look like an oﬀset in the pitch angle. The
increase in CT for the 5-in looks more like the propeller blade is twisting and the pitch is increasing.
Results for the DA4002 with a decrease of 5 deg in pitch are shown in Figs. 5.46–5.48. The PropScanner
geometry results of the −5 deg hub (Fig. 3.57) showed that the 5- and 9-in hubs did not produce the same
pitch angle with the 5-in hub having a smaller pitch. This diﬀerence in pitch probably explains the diﬀerence
seen in the CT comparison plot. The 5 deg increase in pitch results are presented in Figs. 5.49–5.51. From
the geometry comparison in Fig. 3.58, it is expected that the static results should be similar when the
Reynolds number matches. While the thrust coeﬃcients match, the power coeﬃcient for the 5-in propeller
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Figure 5.44: DA4002 9×2.85 static performance.
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Figure 5.45: Static performance comparison for the 2-blade DA4002 with the pitch decreased by 10 deg:
(a) thrust coeﬃcient and (b) power coeﬃcient.
is larger than the 9-in propeller. Since only CP is signiﬁcantly larger, it does not seem that the propeller is
twisting. It is possible that the slightly larger twist angles measured by PropScanner for the 5-in propeller
are enough to increase the drag coeﬃcient for the blade sections without dramatically aﬀecting the lift
coeﬃcient, especially if the blade section is near stall.
To further illustrate the eﬀects of pitch on a propeller, all the pitch cases for each propeller diameter
are plotted together. Figure 5.52 shows the results for the 5-in propellers, and Figure 5.53 shows the 9-
in propellers. As expected from the earlier plots, the thrust and power coeﬃcient increase or decrease
depending on whether the pitch is increased or decreased. As shown in the two ﬁgures, the DA4002 exhibit
similar Reynolds number eﬀects that were present with the oﬀ-the-shelf propellers: the thrust coeﬃcient
increases and the power coeﬃcient decreases or stays the same with increasing Reynolds number. This type
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Figure 5.46: DA4002 5×2.65 static performance.
of behavior suggests that the lift coeﬃcient for the blade section is increasing while the drag coeﬃcient is
decreasing.
During testing it was noticed that the tips of the propellers deﬂected while under load. While the thrust
and power coeﬃcients did not show the same large increases as the Micro Invent propellers (Section 5.1.3),
pictures were still taken of the DA4002 propellers during static conditions. Similar to the Micro Invent
5×3.5, these photos were used with PropScanner to measure any change in twist. Side photos of the 5-in
DA4002 propeller at rest and at 4,000 RPM and 6,000 RPM are shown in Fig. 5.54. From these photos,
the estimated tip deﬂections are 0.036 in at 4,000 RPM and 0.072 in at 6,000 RPM. For the 9-in propeller,
the side photos are shown in Fig. 5.54, and the tip deﬂections were measured as 0.022 in at 2,000 RPM and
0.066 in at 3,000 RPM. Results from PropScanner for the 5-in propeller (Fig. 5.56) show that even though
the propeller is bending, the twist of the propeller is not changing. The 9-in PropScanner results show that
the propeller is not twisting at 2,000 RPM, but there is a very small increase in the twist angle for the
3,000 RPM case outboard of the 70% blade station.
The PropScanner results show that for the rotational rates where pictures were taken, the propellers
were not twisting even though the tips were deﬂecting. However, the diﬀerence shown in the −10 deg pitch
case still looks like the 5-in propeller is increasing in pitch due to the fact that both CT and CP increased.
During the −10 deg case, the 5-in propeller was rotated at a faster rate than any of the other pitch cases,
and at these higher rates, it also produced the most thrust than any other 5-in pitch case. At the highest
rotational rate, the −10 deg case produced nearly 0.7 oz in thrust more than the highest thrust for the other
pitch cases. The additional forces produced at this rotational rate are probably causing the propeller to
twist. Since no other 5-in pitch cases reached the same force values, the twisting is not seen in the other
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Figure 5.47: DA4002 9×4.76 static performance.
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Figure 5.48: Static performance comparison for the 2-blade DA4002 with the pitch decreased by 5 deg:
(a) thrust coeﬃcient and (b) power coeﬃcient.
cases.
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Figure 5.49: DA4002 5×4.92 static performance.
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Figure 5.50: DA4002 9×8.95 static performance.
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Figure 5.51: Static performance comparison for the 2-blade DA4002 with the pitch increased by 5 deg:
(a) thrust coeﬃcient and (b) power coeﬃcient.
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Figure 5.52: Static performance comparison for the 5-in 2-blade DA4002 with diﬀerent pitch angles:
(a) thrust coeﬃcient and (b) power coeﬃcient.
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Figure 5.53: Static performance comparison for the 9-in 2-blade DA4002 with diﬀerent pitch angles:
(a) thrust coeﬃcient and (b) power coeﬃcient.
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(a) Not spinning.
(b) 4,000 RPM.
(c) 6,000 RPM.
Figure 5.54: The 5-in DA4002 under static conditions (thrust is pointed up).
(a) Not spinning.
(b) 4,000 RPM.
(c) 6,000 RPM.
Figure 5.55: The 9-in DA4002 under static conditions (thrust is pointed up).
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Figure 5.56: Geometry comparison of the 5-in DA4002 while at rest, 4,000 RPM, and 6,000 RPM during
static conditions: (a) chord distribution and (b) twist distribution.
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Figure 5.57: Geometry comparison of the 9-in DA4002 while at rest, 2,000 RPM, and 3,000 RPM during
static conditions: (a) chord distribution and (b) twist distribution.
The ﬁnal analysis of the DA4002 propeller in static conditions was shown through the calculation of the
ﬁgure of merit. Figure 5.58 shows the ﬁgure of merit for the DA4002 at each pitch setting and diameter.
From this ﬁgure, the 9-in propellers for a given pitch setting generally have a larger FM than the 5-in
propellers at the same pitch setting. For each pitch setting, there seems to be a small overlap region between
the 5- and 9-in propellers. Since the DA4002 propellers were tested at diﬀerent pitch settings, the ﬁgure of
merit was also plotted for a given RPM at each pitch setting (Fig. 5.59). This method of plotting the FM
is similar to ﬁgures for a helicopter rotor at a constant rotational rate [20–23, 31, 32], but the number of
pitch angles, and therefore CT points, are less for each curve. Each curve has four CT points representing
each pitch setting; the lowest pitch setting will have the lowest CT value. As stated in Section 5.1.1, an
increase in CT will increase the ﬁgure of merit until a peak is reached where the drag of the propeller starts
to dominate. For the 5-in propeller, the maximum FM occurs at the −10 deg case except for the 3000 RPM
curve where it is at the −5 deg case. For the 9-in propeller, the maximum FM is at the −5 deg pitch setting.
Where the two propeller sizes overlap with respect to Reynolds number (7000 RPM for 5-in and 2000 RPM
for 9-in), the calculated FM are about the same except at the −5 deg setting. As discussed earlier, the
pitch setting for the two −5 deg hubs were not the same, so it is not surprising that the FM values do not
match.
Figure 5.59 also shows the Reynolds number eﬀects on the ﬁgure of merit. As the rotational rate increases,
the Reynolds number increases, and as was shown in Figs. 5.52 and 5.53, the thrust coeﬃcient increases and
122
 0.0  0.0075 0.0150 0.0225 0.0300
0.2
0.4
0.6
0.8
CT
FM
FM
DA4002 (2 blades)
5 in
5 in −10 deg
5 in −5 deg
5 in +5 deg
9 in
9 in −10 deg
9 in −5 deg
9 in +5 deg
Figure 5.58: Figure of merit for the DA4002 propeller.
the power coeﬃcient decreases. An increase in CT and a decrease in CP result in a larger FM . It should be
noted that while the 5- and 9-in propellers overlap in FM when the Reynolds number match, the ﬁgure of
merit should not be used as a tool to compare propeller of diﬀerent scales. At the same Reynolds number,
the 5- and 9-in propeller will have the same CT and therefore the same thrust. With a smaller disk area,
the 5-in propeller will have a T/A that is 3.24 times larger than the 9-in propeller. Even though the two
propellers will match CP , the actual power for the 5-in propeller is 1.8 times larger than the 9-in propeller.
When the 5- and 9-in propellers are operating at the same Reynolds number, the 5-in propeller will require
1.8 times more power to produce the same thrust as the 9-in propeller.
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Figure 5.59: Figure of merit for the DA4002 propeller at constant RPM but changing the pitch.
5.2.2 DA4022
The DA4022 propeller has a rectangular blade with the same twist distribution as the DA4002, but the
DA4022 has a larger chord. The conﬁgurations tested for the DA4022 were chosen to test the eﬀects of the
number of blades. By adding blades, the propeller becomes closer to the ideal actuator disk that has an
inﬁnite number of blades. However, adding blades also increases the proﬁle drag because of the additional
blade area. The eﬀect of adding blades was studied in NACA Report 640 [41] and was shown that the thrust
and power coeﬃcient per blade decreased as the number of blades increased.
The static results of the baseline 2-blade DA4022 are provided in Fig. 5.60 for the 5-in propeller and
Fig. 5.61 for the 9-in propeller. The thrust and power coeﬃcients for the DA4022 are greater than the
DA4002 as expected. From the comparison plot (Fig. 5.62), the results between the 5- and 9-in propellers
are generally the same in the Reynolds number overlap region, but the power coeﬃcient for the 5-in propeller
is slightly larger. From the diﬀerence in CP , it is deduced that there is a small diﬀerence in the geometry
between the 5- and 9-in propellers.
Figures 5.63 and 5.64 show the 3-blade conﬁguration results for the 5- and 9-in propellers, respectively.
The thrust and power coeﬃcients both increase with the addition of another blade when compared to the
2-blade DA4022. For the comparison plots (Fig. 5.65), results match in only the lower part of the overlap
area. At the higher end of the Reynolds number overlap region, the thrust and power coeﬃcient for the
5-in propeller is larger than the 9-in propeller. It is suspected that a diﬀerence in geometry is the reason for
the discrepancy between the 5- and 9-in propellers. The data for the 5-in propeller is also not as smooth as
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Figure 5.60: DA4022 5×3.75 static performance.
other propellers. This jaggedness is probably caused by the air not being perfectly still during testing.
Results for the 4-blade conﬁguration are shown in Figs. 5.66 and 5.67. Again the thrust and power
coeﬃcient increase with the additional blade. The curves for the 5-in propeller are much smoother than
they were for the 3-blade conﬁguration, and the comparison plot between the 5- and 9-in propellers (Fig. 5.68)
match pretty well in the overlap region. The CP is still higher for the 5-in propeller, which gives more reason
to suspect that there is a small geometry diﬀerence between the two diameters.
To more clearly show the eﬀect of adding blades, the results of the three conﬁgurations were plotted
together for each diameter. Figure 5.69 shows the results for the 5-in propeller, and Fig. 5.70 shows the
results for the 9-in propeller. The increase in the power coeﬃcient is about the same for each additional
blade, but the increase in thrust coeﬃcient is greater when going from a 2-blade to 3-blade propeller than
when going from a 3-blade to a 4-blade propeller. Figures 5.71–5.72 show the same results from Figs. 5.69–
5.70, but the coeﬃcients are divided by the number of blades. For both propeller diameters, the thrust and
power coeﬃcients per blade decrease as the number of blades increase. While a decrease in the power per
blade is beneﬁcial, a decrease in the thrust per blade is not. As seen in the ﬁgures, the thrust coeﬃcient per
blade decreases more than the decrease in the power coeﬃcient. For the 9-in propeller, there is basically no
change in the power coeﬃcient. Ideally the addition of propeller blades should result in better performance
since the propeller is closer to the ideal inﬁnite blade actuator disk. However, the addition of propeller
blades in this case increased the solidity, so the proﬁle drag increased. Also the thrust increased with the
additional blades so the induced power also increased.
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Figure 5.61: DA4022 9×6.75 static performance.
The ﬁgure of merit values for each of the conﬁgurations are shown in Fig. 5.73. These FM results show
the Reynolds number eﬀects seen with these conﬁgurations. From Fig. 5.69, the thrust coeﬃcient for the 5-in
propeller stayed about the same while the power coeﬃcient decreased as the Reynolds number increased.
This decrease in CP is seen as an increase in the ﬁgure of merit. For the static results of the 9-in propeller
(Fig. 5.70), the thrust coeﬃcient increased and the power coeﬃcient decreased as the Reynolds number
increased. The resulting ﬁgure of merit increase is seen in Fig. 5.73. In the FM plot, it is also seen that the
9-in propeller generally has a larger ﬁgure of merit than the 5-in propeller.
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Figure 5.62: Static performance comparison for the 2-blade DA4022: (a) thrust coeﬃcient and (b) power
coeﬃcient.
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Figure 5.63: DA4022 5×3.75 (3 blades) static performance.
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Figure 5.64: DA4022 9×6.75 (3 blades) static performance.
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Figure 5.65: Static performance comparison for the 3-blade DA4022: (a) thrust coeﬃcient and (b) power
coeﬃcient.
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Figure 5.66: DA4022 5×3.75 (4 blades) static performance.
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Figure 5.67: DA4022 9×6.75 (4 blades) static performance.
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Figure 5.68: Static performance comparison for the 4-blade DA4022: (a) thrust coeﬃcient and (b) power
coeﬃcient.
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Figure 5.69: Static performance comparison for the 5-in DA4022 with diﬀerent number of blades: (a) thrust
coeﬃcient and (b) power coeﬃcient.
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Figure 5.70: Static performance comparison for the 9-in DA4022 with diﬀerent number of blades: (a) thrust
coeﬃcient and (b) power coeﬃcient.
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Figure 5.71: Static performance comparison for the 5-in DA4022 with diﬀerent number of blades: (a) thrust
coeﬃcient divided by the number of blades and (b) power coeﬃcient divided by the number of blades.
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Figure 5.72: Static performance comparison for the 9-in DA4022 with diﬀerent number of blades: (a) thrust
coeﬃcient divided by the number of blades and (b) power coeﬃcient divided by the number of blades.
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Figure 5.73: Figure of merit for the DA4022 propeller.
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Figure 5.74: DA4052 5×3.75 static performance.
5.2.3 DA4052
The largest variety of conﬁgurations was tested with the DA4052. Both the eﬀect of blade number and the
eﬀect of pitch angle were tested. The baseline 2-blade static performance results are shown in Figs. 5.74 and
5.75 for the 5- and 9-in propellers, respectively. For both diameters, the thrust coeﬃcient is fairly constant
while the power coeﬃcient slightly deceases as the Reynolds number increases. From these results, it seems
that a drag reduction for the airfoil sections is the main Reynolds number eﬀect. The two diameters are
compared in Fig. 5.76, and it seems that the 5-in propeller has a slightly larger pitch than the 9-in propeller.
If the pitch was just a little smaller for the 5-in propeller, the data in the Reynolds number overlap area would
match. The diﬀerence in pitch between the two propellers is probably from the blades being manufactured
with slightly diﬀerent pitches. Another possibility is that the blades were not seated perfectly in the hubs.
If the blades experienced any twisting from the loads while being tested, the twisting was probably small
since the typical sign of blade twisting (both the thrust and power coeﬃcients either increasing or decreasing
rapidly) was not present.
Results for the 3-blade conﬁguration for the 5- and 9-propellers are given in Figs. 5.77 and 5.78. The
pattern in the thrust and power coeﬃcient curves for both diameters are similar to the 2-blade conﬁguration
but just shifted up. Fig. 5.79 shows the comparison between the two diameters, and the agreement is much
better than the 2-blade.
Only the 5-in propeller was tested in the 4-blade conﬁguration (Fig. 5.80), so no comparison can be done.
For the 5-in propeller, the shape of the thrust and power coeﬃcients are again similar to the lower blade
conﬁgurations but just shifted to larger values. The lack of a 9-in propeller in the 4-blade conﬁguration
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Figure 5.75: DA4052 9×6.75 static performance.
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Figure 5.76: Static performance comparison for the 2-blade DA4052: (a) thrust coeﬃcient and (b) power
coeﬃcient.
is due to the unfortunate destruction of some of the 9-in blades. The separate blade-hub system for these
propellers caused a stress concentration where the blades connect to the hubs, and the blades are thin at
this point as well. For a few of the 9-in blades, the loads that occurred during testing were too large and
the blades broke.
The eﬀects of the number of blades on the static performance are shown in Figs. 5.81 for the 5-in propeller
and 5.82 for the 9-in propeller. For the 5-in propeller, the increase from two to three blades is larger than
the increase from three to four blades. The static coeﬃcients divided by the number of blades are shown in
Figs. 5.83 and 5.84. For both diameters, the diﬀerence in CT between the blade number conﬁgurations is
larger than the diﬀerence in CP . As the blade number increases, the static coeﬃcient per blade decreases.
Figure 5.85 shows the ﬁgure of merit plot for the diﬀerent number of blade conﬁgurations. The decreases in
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Figure 5.77: DA4052 5×3.75 (3 blades) static performance.
the CP curves as the Reynolds number increases, as shown in Figs. 5.81 and 5.82, explain the increases in
FM for each propeller shown in Fig. 5.85. As was the case with the DA4022, the larger diameter propellers
overall have larger FM values.
The eﬀect of changing the pitch was also looked into with the DA4052. Static performance results with
a decrease in pitch of 10 deg are shown in Fig. 5.86 for the 5-in propeller and Fig. 5.87 for the 9-in propeller.
A slight increase in CT and decrease in CP as the Reynolds number increases is seen for the 5-in propeller.
The thrust and power coeﬃcients for the 9-in stay basically the same for the Reynolds number range. From
the comparison plot for the two diameters (Fig. 5.88), the results for the two diameters agree well in the
Reynolds number overlap.
Results for the −5 deg pitch conﬁguration are similar to the −10 deg case. The 5-in propeller coeﬃcients
(Fig. 5.89) are larger than the coeﬃcients for the −10 deg case, but the general shapes of the curves are
the same. The results for the 9-in propeller (Fig. 5.90) are also similar in shape to the −10 deg case but
larger. The comparison between the two propellers (Fig. 5.91) is very good with the 5-in propeller having a
slightly smaller CP . A diﬀerence between the two propellers was expected from the geometry found using
PropScanner for the −5 deg hub with the DA4002 (Fig. 3.57).
The ﬁnal conﬁguration for the DA4052 was the increase in pitch of 5 deg that is shown in Figs. 5.92
and 5.93. The values for CT and CP follow the expected trend with an increase in pitch in that the
coeﬃcients increased but have nearly the same pattern as the lower pitch conﬁgurations. Figure 5.94 shows
the comparison between the two diameters, and the results for the 9-in propeller are lower than the 5-in
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Figure 5.78: DA4052 9×6.75 (3 blades) static performance.
propeller in the overlap region.
A summary ﬁgure for each propeller on the eﬀects of the pitch change are provided in Fig. 5.95 for the
5-in and Fig. 5.96 for the 9-in. Both diameters show that the pattern of the thrust and power coeﬃcients for
each propeller are basically the same at each pitch angle, but the values have increased with increasing pitch
angle. The thrust coeﬃcients stay fairly constant as the Reynolds number increases leading to the conclusion
that the lift coeﬃcient is not greatly changing with Reynolds number. A decrease in the power coeﬃcient
curves means that there is a decrease in the drag coeﬃcient as the Reynolds number increases. The amount
of increase seen in the thrust coeﬃcients are not the same as the increase in the power coeﬃcient. Between
−10 and −5 deg, the thrust coeﬃcient increases by about 0.03 to 0.04 while the power coeﬃcient only
increases by about 0.01. From this result, it is concluded that there is a large increase in the lift coeﬃcient
that increases CT , but the drag coeﬃcient increase is not as large so CP does not increase as much. The
opposite eﬀect is shown when the pitch angle is increased form the baseline to the 5 deg conﬁguration. The
drag coeﬃcient increase is larger so the power coeﬃcient increase is larger. At the 5 deg conﬁguration, more
of the propeller sections are probably closer to stall where there is a drag increase.
The ﬁgure of merit values for all of the pitch conﬁgurations are shown in Fig. 5.97. For the baseline and
−5 deg conﬁgurations, the usual increase in FM with propeller diameter is seen. However, the ﬁgure of
merit values at 5 deg do not change with the diameter size and there is a lot of overlap with the −10 deg
case. The ﬁgure of merit for the propeller was also plotted for constant rotational rates as seen in Fig. 5.98.
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Figure 5.79: Static performance comparison for the 3-blade DA4052: (a) thrust coeﬃcient and (b) power
coeﬃcient.
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Figure 5.80: DA4052 5×3.75 (4 blades) static performance.
This ﬁgure shows that the −5 deg conﬁguration gives the highest FM at each rotational rates. Increasing
the pitch beyond −5 deg will provide more thrust, but the increase in the power coeﬃcient will make it less
desirable.
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Figure 5.81: Static performance comparison for the 5-in DA4052 with diﬀerent number of blades: (a) thrust
coeﬃcient and (b) power coeﬃcient.
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Figure 5.82: Static performance comparison for the 9-in DA4052 with diﬀerent number of blades: (a) thrust
coeﬃcient and (b) power coeﬃcient.
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Figure 5.83: Static performance comparison for the 5-in DA4052 with diﬀerent number of blades: (a) thrust
coeﬃcient divided by the number of blades and (b) power coeﬃcient divided by the number of blades.
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Figure 5.84: Static performance comparison for the 9-in DA4052 with diﬀerent number of blades: (a) thrust
coeﬃcient divided by the number of blades and (b) power coeﬃcient divided by the number of blades.
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Figure 5.85: Figure of merit for the DA4052 propeller with diﬀerent number of blades.
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Figure 5.86: DA4052 5×1.58 static performance.
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Figure 5.87: DA4052 9×2.85 static performance.
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Figure 5.88: Static performance comparison for the 2-blade DA4052 with the pitch decreased by 10 deg:
(a) thrust coeﬃcient and (b) power coeﬃcient.
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Figure 5.89: DA4052 5×2.65 static performance.
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Figure 5.90: DA4052 9×4.76 static performance.
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Figure 5.91: Static performance comparison for the 2-blade DA4052 with the pitch decreased by 5 deg:
(a) thrust coeﬃcient and (b) power coeﬃcient.
   0 2,000 4,000 6,000 8,000
0.10
0.15
0.20
Ω (RPM)
C T
o,
C P
o
DA4052 5 in (2 blades) +5 deg
Static Case
CTo CPo
Re (103)
0 10 20
Figure 5.92: DA4052 5×4.92 static performance.
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Figure 5.93: DA4052 9×8.95 static performance.
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Figure 5.94: Static performance comparison for the 2-blade DA4052 with the pitch increased by 5 deg:
(a) thrust coeﬃcient and (b) power coeﬃcient.
143
   0   3,000  6,000  9,000 12,000
0.00
0.05
0.10
0.15
0.20
Ω (RPM)
C T
o
DA4052 5 in (2 blades)
Static Case
5×3.75
−10 deg
−5 deg
+5 deg
Re (103)
0 10 20 30 40
(a)
   0   3,000  6,000  9,000 12,000
0.00
0.05
0.10
0.15
Ω (RPM)
C P
o
DA4052 5 in (2 blades)
Static Case
5×3.75
−10 deg
−5 deg
+5 deg
Re (103)
0 10 20 30 40
(b)
Figure 5.95: Static performance comparison for the 5-in 2-blade DA4052 with diﬀerent pitch angles:
(a) thrust coeﬃcient and (b) power coeﬃcient.
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Figure 5.96: Static performance comparison for the 9-in 2-blade DA4052 with diﬀerent pitch angles:
(a) thrust coeﬃcient and (b) power coeﬃcient.
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Figure 5.97: Figure of merit for the DA4052 propeller with diﬀerent pitch angles.
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Figure 5.98: Figure of merit for the DA4052 propeller at constant RPM but changing the pitch.
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5.2.4 Comparison of the DA Propellers
Since the three DA propellers used the same family of airfoils, a comparison between them was made.
Figure 5.99 is the comparison for the 5-in propellers and Fig. 5.100 is the comparison for the 9-in propellers.
All three propellers have the same pitch but the twist distribution for the DA4002 and DA4022 is based on a
constant geometric pitch described by Eq. 3.2. The twist distribution for the DA4052 is based on creating a
constant lift distribution along the blade. For the sections inboard of the 75% location, the twist distribution
between the DA4052 and the other DA propellers is nearly the same, but for sections outboard of the 75%
location, the twist angles are a little larger (around 0.5 deg at the tip) for the DA4052. In terms of blade
area, the DA4052 and the DA4022 have nearly the same area, but while the DA4022 is rectangular, most
of the blade area of the DA4052 is closer to the hub. As mentioned in the Geometry chapter, the chord for
the DA4052 at the 75% station is the same as the chord for the DA4002.
For both the 5- and 9-in propellers, the DA4052 produces the lowest values for CT and CP while the
DA4022 produces the highest values. Comparing the DA4002 and DA4022, it seems that the increase in CT
for the DA4022 is not accompanied by a signiﬁcant increase in CP . For these two propellers, the increase in
the proﬁle drag that is associated with an increase in the blade area does not seem to be a large contributor
to the overall power coeﬃcient. While the DA4052 has more blade area than the DA4002, most of that area
is closer to the hub where it is sees a lower velocity and therefore will produce less drag. Since there is less
drag, the power loss due to proﬁle drag will be lower. On the other hand, since the DA4052 has less area
outboard of the 75% location, it will produce less lift at those sections and will produce less thrust overall,
but less thrust will also decrease the induced power losses. The decrease in thrust and power are seen for
both diameters in Figs. 5.99 and 5.100. The amount of loss in thrust increases as the Reynolds number
increases, while the diﬀerence in the power stays fairly constant. The increase in the diﬀerence in CT points
that the lift coeﬃcient is more sensitive than the drag coeﬃcient in changes with the Reynolds number.
If one of the propellers were to be chosen for hovering at these Reynolds numbers, it must be decided if
the increase in thrust is worth the increase in power. To keep power low, the comparison plots show that
the outboard area of the blades must be low (DA4052), but this lower area comes with a lower thrust. It
seems that an increase in the outboard area will increase the power at ﬁrst, but then the power does not
increase when the c/R goes from 0.18 to 0.23. With this lack of power increase, the DA4022 propeller will
provide more thrust without a penalty in power.
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Figure 5.99: Static performance comparison for the 5-in 2-blade DA propellers: (a) thrust coeﬃcient and
(b) power coeﬃcient.
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Figure 5.100: Static performance comparison for the 9-in 2-blade DA propellers: (a) thrust coeﬃcient and
(b) power coeﬃcient.
5.2.5 NR640
The conﬁgurations chosen for the NR640 were based on those that were tested for the propeller in NACA
Report 640 [41]. The 2-, 3-, and 4-blade conﬁgurations at a 15 deg pitch as well as the 20 deg pitch for the
2-blade were tested. The results in this section are not compared to the full-scale propeller from the NACA
Report since it was not tested in static conditions. From the PropScanner measurements of the 5- and 9-in
propellers (Fig. 3.52), the twist angles for the 9-in propeller are a little less than the 5-in propeller on the
outer 15% of the blade. These lower angles will most likely cause the static thrust and power coeﬃcients of
the 9-in conﬁgurations to be less than the 5-in conﬁgurations.
Results for the baseline case of two blades at a pitch of 15 deg are given in Fig. 5.101 for the 5-in propeller
and Fig. 5.102 for the 9-in propeller. Both diameters show a steady increase in the thrust coeﬃcient and a
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Figure 5.101: Static performance of the 5-in 2-blade NR640 with a pitch of 15 deg.
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Figure 5.102: Static performance of the 9-in 2-blade NR640 with a pitch of 15 deg.
fairly constant power coeﬃcient with respect to increasing Reynolds numbers. The comparison between the
two diameters is shown in Fig. 5.103, and the static results for the 9-in propeller are lower than the results
for the 5-in propeller. Since the 9-in propeller was shown to have a slightly lower pitch than the 5-in, it was
expected that the results for the 9-in propeller would be smaller.
To see if the diﬀerences seen in the static results were only from the twist diﬀerence from manufacturing,
both propellers were photographed while spinning to see if there were any additional changes in the twist
angles. Similar to the Micro Invent 5×3.5 and the DA4002 propellers, the photographs of the propellers
were used with PropScanner to measure the propeller twist. The side views of the 5-in propeller are shown
in Fig. 5.104, and Fig. 5.105 shows the side views of the 9-in propeller. Both diameters exhibit a small
deﬂection in the tip region in the direction of the thrust. The PropScanner results for the 5-in propeller are
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Figure 5.103: Static performance comparison for the 2-blade NR640: (a) thrust coeﬃcient and (b) power
coeﬃcient.
(a) Not spinning.
(b) 6,000 RPM.
(c) 10,000 RPM.
Figure 5.104: The 5-in NR640 under static conditions (thrust is pointed up).
(a) Not spinning.
(c) 4,000 RPM.
Figure 5.105: The 9-in NR640 under static conditions (thrust is pointed up).
shown in Fig. 5.106. At 10,000 RPM, the 5-in NR640 shows a small increase in the twist angles compared to
the 6,000 RPM and 0 RPM cases. Chord and twist results for the 9-in propeller (Fig. 5.107) show that there
is a small decrease in the twist angles at 4,000 RPM. The increase in the twist angle for the 5-in propeller
will increase the static coeﬃcients while the decrease in the twist for the 9-in propeller will decrease the
coeﬃcients. Since the blades for 9-in propeller already had lower twist angle due to manufacturing, the
diﬀerence in the twist angles during static loads will further separate the static coeﬃcients of the two
diameters.
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Figure 5.106: Geometry comparison of the 5-in NR640 while at rest, 6,000 RPM, and 10,000 RPM during
static conditions: (a) chord distribution and (b) twist distribution.
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Figure 5.107: Geometry comparison of the 9-in NR640 while at rest and 4,000 RPM during static conditions:
(a) chord distribution and (b) twist distribution.
Figures 5.108 and 5.109 show the static results for the 3-blade conﬁguration. Both diameters show the
same increase in CT and nearly constant CP as the 2-blade conﬁguration, but the values are larger. The
comparison plot is shown in Fig. 5.110. Larger thrust and power coeﬃcients are seen for the 5-in propeller due
to the diﬀerences in twist that exist for the two diameters. Results for the 4-blade conﬁguration (Figs. 5.111–
5.113) show the same increase in CT , the same constant CP , and the same oﬀset in the 5- and 9-in propellers
150
   0   2,500  5,000  7,500 10,000
0.05
0.10
0.15
Ω (RPM)
C T
o,
C P
o
NR640 5 in (3 blades)
Static Case
CTo CPo
Re (103)
0 10 20
Figure 5.108: Static performance of the 5-in 3-blade NR640.
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Figure 5.109: Static performance of the 9-in 3-blade NR640.
that was seen in the 2- and 3-blade conﬁgurations.
Comparisons of the three multi-blade conﬁgurations are shown in Fig. 5.114 for the 5-in propellers and
Fig. 5.115 for the 9-in propellers. As expected, adding propeller blades increase the thrust and power
coeﬃcients. For each conﬁguration the power coeﬃcient stays nearly constant while the thrust coeﬃcient
increases with Reynolds number. From this behavior, the lift coeﬃcient increases with Reynolds number
while the drag coeﬃcient is fairly constant. Figures 5.116 and 5.117 show the same results as the previous
two ﬁgures but the static coeﬃcients are divided by the number of blades. Similar to the DA4002 and
DA4052 propellers, the static coeﬃcients per blade decrease as the number of blades increase. For both
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Figure 5.110: Static performance comparison for the 3-blade NR640: (a) thrust coeﬃcient and (b) power
coeﬃcient.
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Figure 5.111: Static performance of the 5-in 4-blade NR640.
diameters, the decrease in CT is greater than the decrease in CP . By adding propeller blades, the power per
blade will decrease, which helps in terms of eﬃciency, but the greater decrease in thrust per blade hinders
the eﬃciency.
The last conﬁguration tested was the 2-blade propeller at a 25 deg pitch. Results for the 5-in propeller
are shown in Fig. 5.118, and Fig. 5.118 show the results for the 9-in propeller. The static coeﬃcient curves
are similar in shape to the 15 deg pitch with just the values increased. The comparison plot between the
two diameters (Fig. 5.120) still shows that the 5-in propeller produces larger static coeﬃcients than the 9-in
propeller. Figures 5.121 and 5.122 show the static results for the 2-blade conﬁguration at each pitch angle.
As seen in the ﬁgures, the thrust coeﬃcient increases with Reynolds number for both pitch settings, but
amount of increase is less for the 20 deg pitch. At the higher pitch angle, more of the propeller sections will
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Figure 5.112: Static performance of the 9-in 4-blade NR640.
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Figure 5.113: Static performance comparison for the 4-blade NR640: (a) thrust coeﬃcient and (b) power
coeﬃcient.
be near or at stall where the lift coeﬃcient will be less than it was at the 15 deg pitch setting.
Figure of merit values for all of the NR640 conﬁgurations are shown in Fig. 5.123. The increase in CT
while CP remained constant is seen in this ﬁgure as an increase in FM as the thrust coeﬃcient increases.
The main trend seen in the plot is that the ﬁgure of merit typically increases when the propeller diameter
increases. An interesting behavior seen in the ﬁgure of merit ﬁgure is that there is a large decrease in FM
when the pitch angle is increased from 15 deg to 20 deg. It seems that a 20 deg pitch angle is too large if
this propeller is to be used for hovering.
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Figure 5.114: Static performance comparison for the 5-in NR640 with diﬀerent number of blades: (a) thrust
coeﬃcient and (b) power coeﬃcient.
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Figure 5.115: Static performance comparison for the 9-in NR640 with diﬀerent number of blades: (a) thrust
coeﬃcient and (b) power coeﬃcient.
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Figure 5.116: Static performance comparison for the 5-in NR640 with diﬀerent number of blades: (a) thrust
coeﬃcient divided by the number of blades and (b) power coeﬃcient divided by the number of blades.
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Figure 5.117: Static performance comparison for the 9-in NR640 with diﬀerent number of blades: (a) thrust
coeﬃcient divided by the number of blades and (b) power coeﬃcient divided by the number of blades.
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Figure 5.118: Static performance of the 5-in NR640 with a pitch increase of 5 deg.
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Figure 5.119: Static performance of the 9-in NR640 with a pitch increase of 5 deg.
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Figure 5.120: Static performance comparison for the 2-blade NR640 with the pitch increased by 5 deg:
(a) thrust coeﬃcient and (b) power coeﬃcient.
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Figure 5.121: Static performance comparison for the 5-in 2-blade NR640 with diﬀerent pitch angles:
(a) thrust coeﬃcient and (b) power coeﬃcient.
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Figure 5.122: Static performance comparison for the 9-in 2-blade NR640 with diﬀerent pitch angles:
(a) thrust coeﬃcient and (b) power coeﬃcient.
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Figure 5.123: Figure of merit for the NR640 propeller.
5.2.6 Summary of 3D Printed Static Performance
General static performance results from the 3D printed propellers are the same as the oﬀ-the-shelf propellers.
As the Reynolds number increases, typically the thrust coeﬃcient will increase and the power coeﬃcient will
decrease. The increase in CT and the decrease in CP correspond to the lift coeﬃcient of the blade sections
increasing and the drag coeﬃcient decreasing. While the DA4002 and DA4022 propellers showed both the
increase in CT and decrease in CP , the DA4052 propellers only had a decrease in CP while the NR640 only
had an increase in CT .
Since 5-in and 9-in versions of the same propellers were tested, the static performance results of the
propellers at the same Reynolds number were compared. The 5- and 9-in versions of the DA4002 showed
that the static performance results will match when the Reynolds number match. This matching was more
clearly seen with the DA4002 because the geometry of the 5- and 9-in versions were veriﬁed to be nearly the
same, and it was shown that the propellers were not twisting when they were under load. Results from the
NR640 did not match well since it was shown that the twist distribution between the two diameters were
not the same. Also the propellers were also shown to slightly change in twist when under load. That the
NR640 twisted while the DA4002 did not is most likely due to the thick airfoil and large chord used for the
DA4002 propellers.
Even though the static coeﬃcients matched between the 5- and 9-in propellers when they were at the
same Reynolds number, the dimensional values will not all match. When the two propellers have the same
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thrust coeﬃcient, they will both produce the same thrust, but the disk loading will by 3.24 times greater
for the 5-in propeller. When the propellers have the same power coeﬃcient, the 5-in propeller will need
1.8 times the power.
The 3D printed propellers showed a more detailed look at the ﬁgure of merit. From the oﬀ-the-shelf
propellers, it was concluded that a larger diameter and a lower pitch generally increased the ﬁgure of merit.
These general trends were also seen with the 3D printed propellers to a point. Results from the diﬀerent
diameter versions of the same propeller showed the the ﬁgure of merit will be the same at the same Reynolds
number. It seems that the increase in FM due to the diameter is more due to Reynolds number eﬀects since
the larger propeller will be able to operate at larger Reynolds numbers. It was also shown that the ﬁgure
of merit did increase when the pitch was decreased, but FM usually peaked at the −5 deg pitch cases and
then decreased as the pitch was decreased to the −10 deg case.
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Chapter 6
Advancing Flow Performance
When a propeller is in forward ﬂight, it sees an advancing velocity that will lower the angle of attack for
each blade section (Fig. 4.3). As the advancing velocity increases for a constant rotational rate, the thrust
and power of the propeller will decrease. Even though the forces are decreasing, there will be an advancing
velocity where the eﬃciency of the propeller is maximized. All of the propellers discussed in the Geometry
and Static Performance chapters were tested with an advancing ﬂow. In order to characterize the Reynolds
number eﬀects, each propeller was tested at several constant rotational rates while the advancing velocity
was increased. As shown in Fig. 4.6, the Reynolds number of the propeller is mostly due to the rotational
velocity. The advancing velocity will increase the true velocity, and therefore the Reynolds number, of the
propeller sections, but this increase is not signiﬁcant. For each rotational rate, the Reynolds number at the
75% station is given with the corresponding RPM. As mentioned in Section 2.3, a propeller is tested with
increasing velocities until the propeller is close to windmilling (CP = 0). The cutoﬀ point for testing is if the
measured CP is less than 0.006. Before windmilling is achieved, the thrust coeﬃcient is already less than
zero, which means the propeller is producing drag instead of thrust.
6.1 Oﬀ-the-Shelf Propellers
The advancing ﬂow performance results for the 27 oﬀ-the-shelf propellers are presented ﬁrst. As was done
with the Geometry and Static Performance chapters, the propellers are divided by their manufacturer: APC,
GWS, Micro Invent, Plantraco, and Miscellaneous. These oﬀ-the-shelf propellers provide the general trends
of small-scale propellers in an advancing ﬂow.
6.1.1 APC Propellers
Figures 6.1–6.3 show the results for the 4.2×2 propeller in an advancing ﬂow. As shown in the ﬁgures, the
thrust coeﬃcient increases with increasing Reynolds number, but there is basically no change in the power
coeﬃcient. An increase is seen in the eﬃciency curves, and since there was no change in CP , the eﬃciency
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Figure 6.1: APC Sport 4.2×2 thrust coeﬃcient.
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Figure 6.2: APC Sport 4.2×2 power coeﬃcient.
increase is due to the CT increase. For the 4.2×4 propeller (Figs. 6.4–6.6), a signiﬁcant increase in CT and
CP is seen due to the increase in the pitch. This increase in the coeﬃcients also increases the advance ratio
where the propeller stops producing lift. Similar to the 4.2×2, the Reynolds number eﬀects are mostly seen
in the increase in CT . A small decrease in CP is seen for the 4.2×4, but only at lower advance ratios. As
expected, the increase in pitch shifts the J for maximum eﬃciency to a larger value. It also seems that
increasing the pitch improved the overall eﬃciency. For the same Reynolds number, the 4.2×4 produces
a larger maximum eﬃciency than the 4.2×2. This increase most likely means that more of the propeller
sections are operating near their best lift-to-drag ratios.
Results for the 9×4 propeller are shown in Figs. 6.7–6.9. Similar to the 4.2-in propellers, the Reynolds
number eﬀects for the 9×4 are mostly apparent in the CT curves. Since this propeller has a p/D very close
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Figure 6.3: APC Sport 4.2×2 eﬃciency curves.
to the 4.2×2, it is not surprising that the performance results of the two propellers are very similar when
the propellers are at similar Reynolds numbers. A comparison of the CT and CP curves between the two
propellers are shown in Figs. 6.10 and 6.11, respectively. The values for the 4.2-in propeller are larger, but
since the 4.2-in propeller has a larger solidity, this is expected. The 9×6 results are shown in Figs. 6.12–6.14.
Since the p/D of this propeller is between the 4.2×2 and the 4.2×4, it makes sense that the CT and CP
curves for the 9×6 fall between the two 4.2-in propellers. Like the other three APC propellers, an increase
in CT is seen with increasing Reynolds number while there is little change to CP .
The results for the APC propellers show that the Reynolds number can have a large eﬀect on the
performance of a small-scale propeller. For this family of propellers, the Reynolds number eﬀects were seen
as an increase in the CT . These results are consistent with the static performance results seen in Section 5.1.1
where CT0 increased with increasing Reynolds number but little change was seen in CP0 . As in the discussion
of the static performance, it can be concluded that the lift coeﬃcient for the propeller sections increased
and the drag coeﬃcient decreased as the Reynolds number increased.
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Figure 6.4: APC Free Flight 4.2×4 thrust coeﬃcient.
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Figure 6.5: APC Free Flight 4.2×4 power coeﬃcient.
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Figure 6.6: APC Free Flight 4.2×4 eﬃciency curves.
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Figure 6.7: APC Free Flight 9×4 thrust coeﬃcient.
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Figure 6.8: APC Free Flight 9×4 power coeﬃcient.
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Figure 6.9: APC Free Flight 9×4 eﬃciency curves.
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Figure 6.10: Comparison between the thrust coeﬃcient curves of the APC 4.2×2 and 9×4.
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Figure 6.11: Comparison between the power coeﬃcient curves of the APC 4.2×2 and 9×4.
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Figure 6.12: APC Sport 9×6 thrust coeﬃcient.
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Figure 6.13: APC Sport 9×6 power coeﬃcient.
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Figure 6.14: APC Sport 9×6 eﬃciency curves.
6.1.2 GWS Propellers
For the GWS propellers, the rectangular blades are discussed ﬁrst followed by the tapered blades. Perfor-
mance data for the 2.5×0.8 are shown in Figs. 6.15–6.17. Unlike the APC propellers, any diﬀerences in
performance due to Reynolds number eﬀects are hard to see. This lack of Reynolds number eﬀects is under-
standable when the results of the static tests are taken into account (Fig. 5.7). For the Reynolds numbers
tested, there were basically no changes in the static thrust and power coeﬃcients. Similar results are seen
with the 2.5×1 (Figs. 6.18–6.20). The diﬀerences due to any Reynolds number eﬀects are small. From the
eﬃciency plot for the 2.5×1, there seems to be a decrease at the largest Reynolds number, but the diﬀerence
is smaller than the Reynolds number eﬀects seen with the APC propellers.
For the 3×2 propeller (Figs. 6.21–6.23), a diﬀerence in CT due to Reynolds number is seen for the lower
advance ratios. This increase in CT with Reynolds number is also seen in the static performance of the
propeller (Fig. 5.9). However, the Reynolds number eﬀect only lasts for lower J values and does not have
any major eﬀect on the eﬃciency of the propeller. Results for the 4×2.5 propeller (Figs. 6.24–6.26) are
similar to the other rectangular blades in that there is little to no Reynolds number eﬀects. The exception is
for the 6,000 RPM case where there is a noticeable increase in CP . When compared to the static performance
(Fig. 5.10), the power coeﬃcient at 6,000 RPM is around the point where there is an increase in CP at lower
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Figure 6.15: GWS Direct Drive 2.5×0.8 thrust coeﬃcient.
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Figure 6.16: GWS Direct Drive 2.5×0.8 power coeﬃcient.
Reynolds numbers.
Even though the geometries of the four rectangular blades were not exactly the same, a comparison of
the thrust and power coeﬃcient curves was made. Figure 6.27 shows the CT curves of the four propellers
at a Reynolds number of around 45,000. The power curves are shown in Fig. 6.28. The relative location of
the curves for each propeller makes sense with regard to the other propellers. Propellers with a larger p/D
produce a larger CT and CP while a smaller p/D produces a smaller CT and CP .
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Figure 6.17: GWS Direct Drive 2.5×0.8 eﬃciency curves.
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Figure 6.18: GWS Direct Drive 2.5×1 thrust coeﬃcient.
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Figure 6.19: GWS Direct Drive 2.5×1 power coeﬃcient.
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Figure 6.20: GWS Direct Drive 2.5×1 eﬃciency curves.
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Figure 6.21: GWS Direct Drive 3×2 thrust coeﬃcient.
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Figure 6.22: GWS Direct Drive 3×2 power coeﬃcient.
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Figure 6.23: GWS Direct Drive 3×2 eﬃciency curves.
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Figure 6.24: GWS Direct Drive 4×2.5 thrust coeﬃcient.
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Figure 6.25: GWS Direct Drive 4×2.5 power coeﬃcient.
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Figure 6.26: GWS Direct Drive 4×2.5 eﬃciency curves.
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Figure 6.27: Comparison of the thrust coeﬃcient between the GWS propellers with a rectangular planform.
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Figure 6.28: Comparison of the power coeﬃcient between the GWS propellers with a rectangular planform.
The ﬁrst GWS tapered blade is the 3×3 propeller (Figs. 6.29–6.31). Similar to the rectangular blades,
the Reynolds number eﬀects are small, but there is a slight decrease in CP as the Reynolds number increases
starting around an advance ratio of 0.6. This decrease in CP causes a small increase in the eﬃciency as
seen in Fig. 6.31. The Reynolds number eﬀects for the 4×4 propeller (Figs. 6.32–6.34) are a little more
apparent than the 3×3, but the expected CT increase and CP decrease with increasing Reynolds number
starts around an advance ratio of 0.4. Since the CT and CP diﬀerences are a little larger than the previous
GWS propellers, the eﬃciency increase with increasing Reynolds number is larger.
Performance results from the two 4.5-in propellers more closely follow the expected Reynolds number
trends. The plots for the 4.5×3 (Figs. 6.35–6.37) show an increase in CT and a decrease in CP with increasing
Reynolds number, which leads to a large increase in the eﬃciency of the propeller. Similar trends in CT and
CP are shown for the 4.5×4 propeller (Figs. 6.38–6.40), and an increase in the eﬃciency is also present.
For the 5×3 propeller (Figs. 6.41–6.43), there is no change in the thrust coeﬃcient while the power
coeﬃcient does show a small decrease with increasing Reynolds number. Overall the Reynolds number
eﬀects are small and there is a small improvement in the eﬃciency. The 5×4.3 propeller (Figs. 6.44–6.46)
is basically the same in that there is no change in CT while there is a decrease in CP . The CP decrease
creates a small increase in the eﬃciency. The ﬁnal propeller is the 9×5 (Figs. 6.47–6.49), and it shows the
Reynolds number eﬀects as an increase in CT . No change is apparent in the CP curves, and the eﬃciency
only slightly increases with increasing Reynolds number.
Comparisons of the thrust and power coeﬃcients of the tapered blades at a Reynolds number around
30,000 are shown in Figs. 6.50–6.53. The geometries of the tapered blades are not perfectly scalable, but the
comparison results do follow the correct p/D trends. Larger CT and CP values are measured for propellers
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Figure 6.29: GWS Direct Drive 3×3 thrust coeﬃcient.
with larger p/D.
The Reynolds number eﬀects are not as obvious with the GWS propellers as they were with the APC
propellers. Many of the GWS propellers showed only a little change in performance as the Reynolds number
increased. The lack of Reynolds number change was somewhat predicted by the lack of change in the static
results. Those propellers that did show signiﬁcant Reynolds number eﬀects, such as the 4.5×3 and 4.5×4,
did so in the expected way. With these propellers, the thrust coeﬃcient increased and the power coeﬃcient
decreased with increasing Reynolds number.
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Figure 6.30: GWS Direct Drive 3×3 power coeﬃcient.
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Figure 6.31: GWS Direct Drive 3×3 eﬃciency curves.
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Figure 6.32: GWS Direct Drive 4×4 thrust coeﬃcient.
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Figure 6.33: GWS Direct Drive 4×4 power coeﬃcient.
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Figure 6.34: GWS Direct Drive 4×4 eﬃciency curves.
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Figure 6.35: GWS Direct Drive 4.5×3 thrust coeﬃcient.
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Figure 6.36: GWS Direct Drive 4.5×3 power coeﬃcient.
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Figure 6.37: GWS Direct Drive 4.5×3 eﬃciency curves.
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Figure 6.38: GWS Direct Drive 4.5×4 thrust coeﬃcient.
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Figure 6.39: GWS Direct Drive 4.5×4 power coeﬃcient.
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Figure 6.40: GWS Direct Drive 4.5×4 eﬃciency curves.
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Figure 6.41: GWS Direct Drive 5×3 thrust coeﬃcient.
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Figure 6.42: GWS Direct Drive 5×3 power coeﬃcient.
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Figure 6.43: GWS Direct Drive 5×3 eﬃciency curves.
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Figure 6.44: GWS Direct Drive 5×4.3 thrust coeﬃcient.
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Figure 6.45: GWS Direct Drive 5×4.3 power coeﬃcient.
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Figure 6.46: GWS Direct Drive 5×4.3 eﬃciency curves.
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Figure 6.47: GWS Direct Drive 9×5 thrust coeﬃcient.
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Figure 6.48: GWS Direct Drive 9×5 power coeﬃcient.
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Figure 6.49: GWS Direct Drive 9×5 eﬃciency curves.
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Figure 6.50: Comparison of the thrust coeﬃcient between the GWS propellers with a tapered planform and
diameters of 4.5 in and less.
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Figure 6.51: Comparison of the thrust coeﬃcient between the GWS propellers with a tapered planform and
diameters of 5 in and more.
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Figure 6.52: Comparison of the power coeﬃcient between the GWS propellers with a tapered planform and
diameters of 4.5 in and less.
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Figure 6.53: Comparison of the power coeﬃcient between the GWS propellers with a tapered planform and
diameters of 5 in and more.
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Figure 6.54: Micro Invent 3.2×2.2 thrust coeﬃcient.
6.1.3 Micro Invent Propellers
As mentioned in the the discussion of the geometry and static performance of the Micro Invent propellers,
these propellers are more ﬂexible than the other oﬀ-the-shelf propellers. This ﬂexibility leads to some
unique advancing ﬂow performance results. Figures 6.54–6.56 show the results for the 3.2×2.2 propeller.
At low advance ratios, both the thrust and power coeﬃcients increase with increasing Reynolds number.
These increases were also seen in the static performance results where they were attributed to the propeller
twisting and increasing its pitch. At larger advance ratios, the thrust coeﬃcient curves switch in that the
lower Reynolds numbers have a larger CT than the higher Reynolds numbers. For the power coeﬃcient
curves this switch also occurs, but for the two highest Reynolds numbers, the curves level oﬀ and stop going
towards zero. The eﬃciency curves for this propeller are unusual when compared to the previous propellers.
Instead of the eﬃciency increasing with Reynolds number, the eﬃciency of this propeller decreases and the
advance ratio of maximum eﬃciency lowers. With the trends in the thrust coeﬃcient and eﬃciency curves, it
seems that at the larger Reynolds numbers, the propeller pitch is decreasing. A lower pitch will decrease CT
and CP , and this trend is seen in the ﬁgures. The leveling oﬀ of the power coeﬃcient curves seem to occur
for large Reynolds numbers when the thrust has gone negative. At this point, it looks like the propellers
change the way they are twisting, and the pitch starts to increase again.
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Figure 6.55: Micro Invent 3.2×2.2 power coeﬃcient.
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Figure 6.56: Micro Invent 3.2×2.2 eﬃciency curves.
190
0.0 0.2 0.4 0.6 0.8
0.00
0.05
0.10
0.15
J
C T
Micro Invent 4×2.7
Re = 14,700 (6,000 RPM)
Re = 22,000 (9,000 RPM)
Re = 29,300 (12,000 RPM)
Figure 6.57: Micro Invent 4×2.7 thrust coeﬃcient.
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Figure 6.58: Micro Invent 4×2.7 power coeﬃcient.
Results for the 4×2.7 propeller (Figs. 6.57–6.59) also show that this propeller is also lowering its pitch
by twisting. At low advance ratios, CT and CP are both larger with higher Reynolds numbers meaning that
the pitch increased, but at larger advance ratios, CT is lower with higher Reynolds numbers meaning that
the pitch decreased. For CP at larger advance ratios, the curves begin to level oﬀ as was shown with the
3.2-in propeller. The eﬃciency curves are similar to the 3.2-in propeller in that they decrease for an increase
in Reynolds number. The 5×3.5 propeller (Figs. 6.60–6.62) also shows that the propeller pitch is changing
at diﬀerent Reynolds numbers and advance ratios. The 5-in propeller is the only 2-blade Micro Invent that
actually shows an increase in eﬃciency as the Reynolds number increases.
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Figure 6.59: Micro Invent 4×2.7 eﬃciency curves.
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Figure 6.60: Micro Invent 5×3.5 thrust coeﬃcient.
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Figure 6.61: Micro Invent 5×3.5 power coeﬃcient.
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Figure 6.62: Micro Invent 5×3.5 eﬃciency curves.
The results for the 3-blade 4.3×3.5 (Figs. 6.63–6.65) are a little diﬀerent than the 2-blade propellers. This
propeller still shows that the pitch increased at the lower advance ratios by showing that CT and CP both
increased with Reynolds number. However, while it looks like the propeller pitch is decreasing as the advance
ratio increases in the CT and CP plots, it is not as much as the 2-blade propellers. This lack of a large pitch
decrease produces eﬃciency curves that do not change with Reynolds number. The thrust (Fig. 6.66) and
power coeﬃcient (Fig. 6.67) plots for the 3-blade 5×3 propeller show that the pitch is decreasing at higher
Reynolds numbers and larger advance ratios, but the CP curves do not level oﬀ. Overall the pitch decrease
is not as severe as the 2-blade propellers, and the eﬃciency curves (Fig. 6.68) show a more typical Reynolds
number trend. The eﬃciency increases as the Reynolds number is increased.
The ﬂexible nature of the Micro Invent propellers leads to diﬀerent advancing ﬂow performance than the
other oﬀ-the-shelf propellers. While the propeller pitch increases with Reynolds number when the propeller
is near static conditions, the pitch decreases as the advance ratio increases. This pitch decrease can lead to
eﬃciency curves that decrease as the Reynolds number increases. This twisting of the propeller blades would
make predicting the propeller performance diﬃcult using standard BEMT methods where it is assumed that
the propeller is rigid. To fully predict the performance of the propeller, aeroelastic eﬀects would have to be
taken into account during performance prediction calculations.
The decrease in the pitch as the advance ratio increases can be explained by looking at the forces acting
on the propeller blade. The centrifugal force is proportional to the rotational rate of the propeller. Since the
propeller is being kept at a constant rotational rate while the advancing ﬂow is increased, the centrifugal force
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Figure 6.63: Micro Invent 3 blade 4.3×3.5 thrust coeﬃcient.
will not change. The lift, drag, and pitching moment are proportional to the relative velocity that includes
the rotational speed and the advancing velocity. As the advancing velocity increases, the velocity that
produces the aerodynamic forces will increase and the aerodynamic forces will change. Since the centrifugal
force does not change with advance ratio, it is possible that the changing aerodynamic forces can bend and
twist the blade diﬀerently than the bending and twisting that occurred during the static conditions.
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Figure 6.64: Micro Invent 3 blade 4.3×3.5 power coeﬃcient.
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Figure 6.65: Micro Invent 3 blade 4.3×3.5 eﬃciency curves.
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Figure 6.66: Micro Invent 3 blade 5×4 thrust coeﬃcient.
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Figure 6.67: Micro Invent 3 blade 5×4 power coeﬃcient.
196
0.0 0.2 0.4 0.6 0.8 1.0
0.0
0.2
0.4
0.6
0.8
J
η
Micro Invent 3 blade 5×4 
Re = 10,000 (3,000 RPM)
Re = 13,300 (4,000 RPM)
Re = 16,600 (5,000 RPM)
Re = 20,000 (6,000 RPM)
Figure 6.68: Micro Invent 3 blade 5×4 eﬃciency curves.
6.1.4 Plantraco Propellers
While the Plantraco propellers are from the same manufacturer, the geometry varies greatly. With this
variety in geometry comes a variety in the Reynolds number eﬀect. Advancing ﬂow results for the 57-mm
propeller are shown in Figs. 6.69–6.71. The thrust coeﬃcient basically has no change due to the Reynolds
number increasing, but an increase in CP is seen at the largest Reynolds number tested. This increase in
CP is similar to that shown in the static performance (Fig. 5.31). The increase in CP leads to a slightly
lower eﬃciency at the larger Reynolds number. The Tri-turbofan propeller (Figs. 6.72–6.74) is similar to
the 57-mm in terms of little change in CT with Reynolds number. However, the power coeﬃcient shows a
beneﬁcial decrease as the Reynolds number increased, and the eﬃciency curves show a slight improvement
with increasing Reynolds number.
Figures 6.75–6.77 show the results for the 100-mm propeller. Reynolds number eﬀects are clearly seen
with the thrust and power coeﬃcient curves. Both CT and CP increased with increasing Reynolds number.
Nevertheless, it seems that the CT increase was enough to counter the increase in CP in order for the
eﬃciency to increase with increasing Reynolds number. The pattern of the eﬃciency curves is diﬀerent than
the other oﬀ-the-shelf propellers. A typical propeller that shows an increase in eﬃciency with Reynolds
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Figure 6.69: Plantraco 57 mm × 20 mm thrust coeﬃcient.
number has approximately the same shape at each Reynolds number, and the advance ratio for maximum
eﬃciency does not signiﬁcantly change. For the 100-mm propeller, the curves for the two highest Reynolds
numbers are not similar to the lowest Reynolds number. The advance ratio for maximum eﬃciency has also
increased by about 0.05. There are two possible explanations for the propeller performance. First is that
the propeller pitch is increasing. An increase in pitch would increase CT and CP , and it would also shift
the advance ratio for maximum eﬃciency. The other explanation is that the lift coeﬃcient increase due to
an increase in Reynolds number for the blade sections is much larger than any drag coeﬃcient decrease.
An increase in lift coeﬃcient would increase the thrust coeﬃcient, and if the drag coeﬃcient decrease is not
large or even if there is a drag coeﬃcient increase, the power coeﬃcient will also increase with increasing
Reynolds number.
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Figure 6.70: Plantraco 57 mm × 20 mm power coeﬃcient.
0.0 0.2 0.4 0.6 0.8 1.0
0.0
0.2
0.4
0.6
J
η
Plantraco 57 mm× 20 mm
Re = 17,700 (12,000 RPM)
Re = 26,500 (18,000 RPM)
Re = 35,200 (24,000 RPM)
Figure 6.71: Plantraco 57 mm × 20 mm eﬃciency curves.
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Figure 6.72: Plantraco Tri-Turbofan thrust coeﬃcient.
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Figure 6.73: Plantraco Tri-Turbofan power coeﬃcient.
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Figure 6.74: Plantraco Tri-Turbofan eﬃciency curves.
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Figure 6.75: Plantraco 100 mm × 80 mm thrust coeﬃcient.
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Figure 6.76: Plantraco 100 mm × 80 mm power coeﬃcient.
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Figure 6.77: Plantraco 100 mm × 80 mm eﬃciency curves.
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Figure 6.78: E-Flite 130 mm × 70 mm thrust coeﬃcient.
6.1.5 Miscellaneous Propellers
The remaining four oﬀ-the-shelf propellers are from four diﬀerent manufacturers. Performance data for the
E-Flite propeller are found in Figs. 6.78–6.80. This propeller shows a clear increase in CT with increasing
Reynolds number. A slight decrease is also seen in CP past an advance ratio of 0.4. The beneﬁcial changes
in CT and CP lead to a rise in eﬃciency with an increase in Reynolds number. The KP Folding propeller
(Figs. 6.81–6.83) shows an unusual behavior to increases in Reynolds number in that there is a drop in both
CT and CP with an increase in Reynolds number. The decrease in CP is beneﬁcial, but the decrease in CT
still is enough for the eﬃciency to decrease as the Reynolds number increases. Since the decrease in CT
starts to occur around an advance ratio of 0.4, it is reasoned that because the propeller can fold, the larger
advance ratios are causing the propeller to fold back and the propeller blades are decreasing in pitch.
Results for the Union propeller (Figs. 6.84–6.86) show a clear increase in the thrust coeﬃcient and little
change in the power coeﬃcient as the Reynolds number is increased. The increase in CT leads to an increase
in the eﬃciency with increasing Reynolds number. The last propeller is the 140-mm Vapor (Figs. 6.87–6.89).
The changes in the thrust coeﬃcient are small, but it looks that there is an increase in CT with increasing
Reynolds number at the lower advance ratios, but then CT actually decreases at the higher advance ratios.
The power coeﬃcient curves are nearly the same for all of the Reynolds numbers, and the eﬃciency curves
are also about all the same. The increasing and then decreasing of CT is similar to the results of the ﬂexible
Micro propellers. The Vapor propeller is also ﬂexible but not as much as the Micro Invent, so it is reasonable
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Figure 6.79: E-Flite 130 mm × 70 mm power coeﬃcient.
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Figure 6.80: E-Flite 130 mm × 70 mm eﬃciency curves.
that the Vapor can deform during testing and have its pitch decrease.
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Figure 6.81: KP AeroModels Folding 96 mm × 70 mm thrust coeﬃcient.
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Figure 6.82: KP AeroModels Folding 96 mm × 70 mm power coeﬃcient.
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Figure 6.83: KP AeroModels Folding 96 mm × 70 mm eﬃciency curves.
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Figure 6.84: Union U-80 80 mm × 50 mm thrust coeﬃcient.
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Figure 6.85: Union U-80 80 mm × 50 mm power coeﬃcient.
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Figure 6.86: Union U-80 80 mm × 50 mm eﬃciency curves.
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Figure 6.87: Vapor 140 mm × 45 mm thrust coeﬃcient.
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Figure 6.88: Vapor 140 mm × 45 mm power coeﬃcient.
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Figure 6.89: Vapor 140 mm × 45 mm eﬃciency curves.
6.1.6 Summary of Oﬀ-the-Shelf Advancing Flow Performance
Most of the 27 oﬀ-the-shelf propellers had some of the expected Reynolds number eﬀects discussed in
Chapter 4. It was expected that as the Reynolds number increased, the thrust coeﬃcient would increase,
the power coeﬃcient would decrease, and therefore the eﬃciency would increase. Of course the amount of
change in the propeller performance is dependent on the airfoils used and the Reynolds number eﬀects on
these airfoils. The APC propellers showed an increase in CT , but there was little change in CP . One 4.2-in
propeller and one 9-in propeller had about the same p/D, so they were compared to each other. The results
from the two propellers were close, but the 4.2-in propeller had a larger CT and CP due to its higher solidity.
Results from the GWS propellers were more varied. For the most part, the propellers with a rectangular
planform showed little diﬀerence with Reynolds number. Most of the GWS propellers with a tapered
planform saw Reynolds number eﬀect in the form of a decrease in CP with little change in CT . Overall
the changes in eﬃciency for the GWS propellers were small with the exceptions being the 4×4 and the two
4.5-in propellers.
The most unusual performance characteristics came from the Micro Invent propellers. These propellers
were more ﬂexible than the other oﬀ-the-shelf propellers and from the static performance tests were shown
to change their pitch under loading. While the pitch increased when the Reynolds number increased during
static tests, the advancing ﬂow performance results showed that the propeller pitch actually decreased with
higher Reynolds numbers and advance ratios. This decrease in pitch was seen as a decrease in the CT curves
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at the larger advance ratios.
A wide variety of planforms were tested with the Plantraco and miscellaneous propellers that resulted
in diﬀerent Reynolds number eﬀects. Some eﬀects of note are that the 100-mm Plantraco saw an increase
in both CT and CP with increasing Reynolds number, but the eﬃciency still increased. Finally the KP
Folding and Vapor propellers seem to be decreasing their pitch at higher Reynolds numbers and advance
ratios. While not as severe as the Micro Invent propellers, the decreases in CT are similar.
6.2 3D Printed Propellers
The same conﬁgurations that were tested under static conditions were also tested with an advancing ﬂow.
Similar to the static performance discussion (Sec. 5.2), the discussion of the 3D propellers in an advancing
ﬂow is divided into the four propeller types: DA4002, DA4022, DA4052, and NR640. Since both the 5- and
9-in versions of the diﬀerent conﬁgurations were tested, the results from the two diameters were compared
at the same Reynolds numbers. Results from the static performance showed that some of the propellers
did not have the same exact geometry between the 5- and 9-in versions. These diﬀerences will cause the
advancing ﬂow results to also diﬀer even though the propellers are operating at the same Reynolds number.
6.2.1 DA4002
As discussed in the static performance, the DA4002 was tested at diﬀerent pitch angles. The performance
results for the baseline conﬁguration are shown in Figs. 6.90–6.92 for the 5-in propeller. The static results
showed that CT increased with Reynolds number and that there was little change in CP . These Reynolds
number eﬀects are also seen in the advancing ﬂow thrust and power coeﬃcients. The increase in CT leads to
an increase in the eﬃciency as shown in Fig. 6.92. As the Reynolds number increases, the advance ratio for
maximum eﬃciency slightly increases. Results for the 9-in baseline conﬁguration are shown in Figs. 6.93–
6.95. Similar to the 5-in propeller, the thrust coeﬃcient increases with Reynolds number. The static results
for the 9-in propeller showed that the power coeﬃcient decreases with increasing Reynolds number, and this
eﬀect is present at the lower advance ratios. At the higher advance ratios, the larger Reynolds numbers
produce higher power coeﬃcients. This trend was also seen in the PROPID simulation of this propeller
(Section 4.2) and was explained by the drag diﬀerence due to Reynolds number along the blade at the larger
advance ratios being smaller than the drag diﬀerence at the lower advance ratios. The increase in CT with
Reynolds number is still large enough for the eﬃciency to increase as shown in Fig. 6.95. The performance
of the two propellers are compared at the same Reynolds number and is shown in Fig. 6.96 The thrust and
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Figure 6.90: DA4002 5×3.75 thrust coeﬃcient.
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Figure 6.91: DA4002 5×3.75 power coeﬃcient.
power coeﬃcients of the 5-in propeller are slightly larger than the 9-in propeller, but otherwise the results
match well.
Results for the 10 deg decrease in pitch conﬁguration are shown in Figs. 6.97–6.99 for the 5-in propeller
and Figs. 6.100–6.102 for the 9-in propeller. Both diameters show an increase in the thrust coeﬃcient with
increasing Reynolds number and no change in the power coeﬃcient. These results are consistent with the
static performance results. Because of the increase in CT , the eﬃciency of both propellers increased with
increasing Reynolds number. The advance ratio for the maximum eﬃciency is also shown to increase as the
Reynolds number increases. Figure 6.103 shows the comparison between the two propellers at a Reynolds
number around 23,000, and the results line up very well.
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Figure 6.92: DA4002 5×3.75 eﬃciency curves.
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Figure 6.93: DA4002 9×6.75 thrust coeﬃcient.
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Figure 6.94: DA4002 9×6.75 power coeﬃcient.
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Figure 6.95: DA4002 9×6.75 eﬃciency curves.
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Figure 6.96: Performance comparison for the 2-blade DA4002: (a) thrust coeﬃcient and (b) power coeﬃcient.
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Figure 6.97: DA4002 5×1.58 thrust coeﬃcient.
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Figure 6.98: DA4002 5×1.58 power coeﬃcient.
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Figure 6.99: DA4002 5×1.58 eﬃciency curves.
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Figure 6.100: DA4002 9×2.85 thrust coeﬃcient.
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Figure 6.101: DA4002 9×2.85 power coeﬃcient.
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Figure 6.102: DA4002 9×2.85 eﬃciency curves.
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Figure 6.103: Performance comparison for the 2-blade DA4002 with the pitch decreased by 10 deg: (a) thrust
coeﬃcient and (b) power coeﬃcient.
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Figure 6.104: DA4002 5×2.65 thrust coeﬃcient.
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Figure 6.105: DA4002 5×2.65 power coeﬃcient.
Figures 6.104–6.106 show the results for the 5 deg decrease in pitch for the 5-in propeller, and the 9-in
propeller results are shown in Figs. 6.107–6.109. Similar to the −10 deg conﬁguration, the Reynolds number
eﬀects are present as an increase in the thrust coeﬃcient, which increases the eﬃciency of the propeller. The
advance ratio for the maximum eﬃciency does not increase as much as it did for the −10 deg case. The two
diameters are compared in Fig. 6.110, and a good agreement between the two propellers is shown. That the
two propellers agree so well is a little surprising since the geometry of the two propellers at −5 was shown
to diﬀer (Fig. 3.57).
The ﬁnal conﬁguration tested was the 5 deg increase in pitch. The results for the 5-in propeller are
shown in Figs. 6.111–6.113, and the results for the 9-in propeller are shown in Figs. 6.114–6.116. The thrust
coeﬃcient for both diameters show an increase as the Reynolds number increases, but the 5-in propeller
shows an increase in the power coeﬃcient while the 9-in shows a decrease. This diﬀerence in the behavior
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Figure 6.106: DA4002 5×2.65 eﬃciency curves.
of CP was also seen in the static performance. Even though there was a diﬀerence in the CP trends, both
propellers show an increase in eﬃciency as the Reynolds number increases. The two propellers were compared
in Fig. 6.117 and the 9-in propeller shows a lower CT and CP . These diﬀerences were also shown in the
static performance, so they were not surprising.
A comparison between the diﬀerent pitch angles is presented in Figs. 6.118–6.120 for the 5-in propellers
at a rotational rate of 6,000 RPM. The ﬁgures show that as the pitch angle increases or decreases, the CT
and CP will increase or decrease respectively. As the pitch angle increases, the maximum eﬃciency increases
and the advance ratio for the maximum eﬃciency also increases. The comparison plots of the 9-in propellers
at 5,000 RPM (Figs. 6.121–6.123) show the same trends as the 5-in propeller. If the pitch angle were to
continue increasing, it is expected that the maximum eﬃciency would level oﬀ as is shown in Fig. 4.16 for
the full-scale NACA propeller.
In Section 4.2, results from PROPID were shown for the DA4002 (Figs. 4.8, 4.9, and 4.12). These results
were based on airfoil data taken from XFOIL for Reynolds numbers of 40,000, 60,000, and 100,000. From
the example Reynolds number distribution along the propeller span (Fig. 4.7), it was shown that all of the
propeller at 2,000 RPM and most of propeller at 3,000 RPM had Reynolds numbers below 40,000. Airfoil
data for a Reynolds number of 20,000 was gathered from XFOIL, and the DA4002 was simulated again in
PROPID. The airfoil data including the Reynolds number of 20,000 is shown in Fig. 6.124. The XFOIL
results show that the lift coeﬃcient for 20,000 is signiﬁcantly lower and the drag coeﬃcient is more than the
other Reynolds numbers. Performance results from PROPID for the DA4002 with the 20,000 airfoil data are
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Figure 6.107: DA4002 9×4.76 thrust coeﬃcient.
shown in Figs. 6.125–6.127. A large decrease is seen in the CT , CP , and eﬃciency for the 2,000 RPM case.
These low values for the 2,000 RPM case are not seen in the experimental results so the XFOIL data are not
an accurate representation of the airfoil characteristics at that low of a Reynolds number. The diﬀerence
between the experimental and BEMT results highlight the diﬃculty in trying to predict the performance of
small-scale propellers. Blade element momentum theory relies on accurate airfoil data to make meaningful
performance predictions, but ﬁnding airfoil data at Reynolds numbers below 40,000 either from experiments
or numerically is diﬃcult.
While the PROPID results that do not use the XFOIL airfoil data at a Reynolds number of 20,000
are close to the experimental results, the thrust and power coeﬃcients from PROPID are still smaller.
Figure 3.55 showed that the pitch from the manufactured blades was measured to be about 1 deg more than
the designed propeller. The DA4002 propeller was simulated again in PROPID with an increase in pitch
of 1 deg, and the results are shown in Figs. 6.128–6.130. These new results are closer to the experimental
results, but it still under predicts the thrust at low advance ratios. At low advance ratios, the angle of attack
of the propeller sections are near stall, so it is not surprising that the predictions do not match.
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Figure 6.108: DA4002 9×4.76 power coeﬃcient.
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Figure 6.109: DA4002 9×4.76 eﬃciency curves.
221
0.0 0.2 0.4 0.6 0.8
0.00
0.05
0.10
J
C T
DA4002 (2 blades) −5 deg
5 in Re = 22,000 (6,000 RPM)
9 in Re = 24,300 (2,000 RPM)
(a)
0.0 0.2 0.4 0.6 0.8
0.00
0.05
0.10
J
C P
DA4002 (2 blades) −5 deg
5 in Re = 22,000 (6,000 RPM)
9 in Re = 24,300 (2,000 RPM)
(b)
Figure 6.110: Performance comparison for the 2-blade DA4002 with the pitch decreased by 5 deg: (a) thrust
coeﬃcient and (b) power coeﬃcient.
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Figure 6.111: DA4002 5×4.92 thrust coeﬃcient.
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Figure 6.112: DA4002 5×4.92 power coeﬃcient.
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Figure 6.113: DA4002 5×4.92 eﬃciency curves.
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Figure 6.114: DA4002 9×8.95 thrust coeﬃcient.
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Figure 6.115: DA4002 9×8.95 power coeﬃcient.
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Figure 6.116: DA4002 9×8.95 eﬃciency curves.
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Figure 6.117: Performance comparison for the 2-blade DA4002 with the pitch increased by 5 deg: (a) thrust
coeﬃcient and (b) power coeﬃcient.
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Figure 6.118: Thrust coeﬃcient comparison for the 5-in 2-blade DA4002 with diﬀerent pitch angles.
0.0 0.2 0.4 0.6 0.8 1.0 1.2
0.00
0.05
0.10
0.15
J
C P
DA4002 5 in (2 blades)
5×3.75, Re = 22,100 (6,000 RPM)
−10 deg, Re = 21,700 (6,000 RPM)
−5 deg, Re = 22,000 (6,000 RPM)
+5 deg, Re = 22,100 (6,000 RPM)
Figure 6.119: Power coeﬃcient comparison for the 5-in 2-blade DA4002 with diﬀerent pitch angles.
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Figure 6.120: Eﬃciency comparison for the 5-in 2-blade DA4002 with diﬀerent pitch angles.
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Figure 6.121: Thrust coeﬃcient comparison for the 9-in 2-blade DA4002 with diﬀerent pitch angles.
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Figure 6.122: Power coeﬃcient comparison for the 9-in 2-blade DA4002 with diﬀerent pitch angles.
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Figure 6.123: Eﬃciency comparison for the 9-in 2-blade DA4002 with diﬀerent pitch angles.
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Figure 6.124: Drag polar for the SDA1075 airfoil from XFOIL analysis including Re= 20,000.
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Figure 6.125: DA4002 9×6.75 thrust coeﬃcient from PROPID including airfoil data at Re= 20,000.
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Figure 6.126: DA4002 9×6.75 power coeﬃcient from PROPID including airfoil data at Re= 20,000.
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Figure 6.127: DA4002 9×6.75 eﬃciency curves from PROPID including airfoil data at Re= 20,000.
0.0 0.2 0.4 0.6 0.8 1.0
0.00
0.05
0.10
0.15
J
CT
DA4002 9×6.75, +1 deg
2000 RPM
3000 RPM
4000 RPM
5000 RPM
Figure 6.128: DA4002 9×6.75 thrust coeﬃcient from PROPID with an increase in pitch of 1 deg.
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Figure 6.129: DA4002 9×6.75 power coeﬃcient from PROPID with an increase in pitch of 1 deg.
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Figure 6.130: DA4002 9×6.75 eﬃciency curves from PROPID with an increase in pitch of 1 deg.
233
0.0 0.2 0.4 0.6 0.8 1.0
0.00
0.05
0.10
0.15
J
C T
DA4022 5 in (2 blades)
Re = 21,200 (4,500 RPM)
Re = 28,100 (6,000 RPM)
Re = 35,100 (7,500 RPM)
Figure 6.131: DA4022 5×3.75 thrust coeﬃcient.
6.2.2 DA4022
The same multiple blade conﬁgurations tested under static conditions for the DA4022 were tested with an
advancing ﬂow. The results for the baseline 5-in diameter 2-blade conﬁguration are shown in Figs. 6.131–
6.133. A small increase is seen with the thrust coeﬃcient as the Reynolds number increases, but there is
basically no change in CP . The increase in CT leads to an increase in the eﬃciency. Figures 6.134–6.136
show the data for the 9-in propeller. For this diameter, an increase in CT is observed, but again the power
coeﬃcient does not change with Reynolds number except for a small increase at 2,000 RPM. Similar to the
5-in propeller, the increase in the thrust coeﬃcient is reason for the increase in the eﬃciency. The increase
in CT and the near constant CP match with the static behavior of the propeller. From the static comparison
(Fig. 5.62), the 9-in propeller produced smaller CT and CP curves with respect to the 5-in propeller at
the same Reynolds number. In advancing ﬂow conditions (Fig. 6.137), the comparison between the two
propellers also shows that the 9-in produces a lower CT and CP
Performance results for the 3-blade conﬁguration are given in Figs. 6.138–6.140 for the 5-in propeller.
The thrust coeﬃcient again increases with Reynolds number and the power coeﬃcient does decrease as
the Reynolds number increased. The beneﬁcial Reynolds number eﬀects cause an increase in the eﬃciency
curve. The 9-in propeller also shows the increase in CT (Fig. 6.141), the decrease in CP (Fig. 6.142), and
the increase in the eﬃciency (Fig. 6.143) as the Reynolds number increases. The comparison plots between
the 5- and 9-in propellers (Fig. 6.144) again show that the 9-in propeller produces a smaller thrust and
power coeﬃcient. The 4-blade performance plots are shown in Figs. 6.145–6.147 for the 5-in propeller and
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Figure 6.132: DA4022 5×3.75 power coeﬃcient.
Figs. 6.148–6.150 for the 9-in propeller. Both diameters show an increase in CT and a decrease in CP
like the other two previous conﬁgurations, and the eﬃciency is shown to increase for both propellers as
the Reynolds number increases. Figure 6.151 shows the comparison plot for the 4-blade conﬁguration, and
the 9-in propeller again has lower performance coeﬃcients as expected from the static performance results.
In the static performance discussion, it was suggested that the reason for the performance diﬀerence seen
between the two diameters is from a diﬀerence in the geometry of the two propellers. This explanation still
seems valid since the static and advancing ﬂow performance do not suggest any signiﬁcant twisting during
testing of either of the two diameters.
The eﬀects of changing the number of blades are presented in Figs. 6.152–6.154 for the 5-in propeller and
in Figs. 6.155–6.157 for the 9-in propeller. Increasing the number of blades increases both the thrust and
power coeﬃcient, but the advance ratio where thrust goes to zero stays the same. The maximum eﬃciency
is shown to decrease with the increasing number of blades, but the advance ratio for the maximum eﬃciency
stays the same. How adding propeller blades aﬀects the performance of the individual blades is shown in
Figs. 6.158–6.159 for the 5-in propellers and in Figs. 6.160–6.161 for the 9-in propellers. These ﬁgures show
the thrust and static coeﬃcient of the propeller divided by the number of blades. Similar to what was
seen in the static performance data, the thrust and power coeﬃcients per blade decrease as the number
of blades increase. The decrease in CT is greater than the decrease in CP so the overall eﬃciency of the
propeller decreases as the number of blades increases. As mentioned in the static performance discussion, the
additional propeller blades increased the solidity and the thrust so the proﬁle and induced power increased
for each propeller.
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Figure 6.133: DA4022 5×3.75 eﬃciency curves.
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Figure 6.134: DA4022 9×6.75 thrust coeﬃcient.
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Figure 6.135: DA4022 9×6.75 power coeﬃcient.
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Figure 6.136: DA4022 9×6.75 eﬃciency curves.
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Figure 6.137: Performance comparison for the 2-blade DA4022: (a) thrust coeﬃcient and (b) power coeﬃ-
cient.
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Figure 6.138: DA4022 5×3.75 (3 blades) thrust coeﬃcient.
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Figure 6.139: DA4022 5×3.75 (3 blades) power coeﬃcient.
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Figure 6.140: DA4022 5×3.75 (3 blades) eﬃciency curves.
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Figure 6.141: DA4022 9×6.75 (3 blades) thrust coeﬃcient.
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Figure 6.142: DA4022 9×6.75 (3 blades) power coeﬃcient.
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Figure 6.143: DA4022 9×6.75 (3 blades) eﬃciency curves.
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Figure 6.144: Performance comparison for the 3-blade DA4022: (a) thrust coeﬃcient and (b) power coeﬃ-
cient.
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Figure 6.145: DA4022 5×3.75 (4 blades) thrust coeﬃcient.
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Figure 6.146: DA4022 5×3.75 (4 blades) power coeﬃcient.
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Figure 6.147: DA4022 5×3.75 (4 blades) eﬃciency curves.
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Figure 6.148: DA4022 9×6.75 (4 blades) thrust coeﬃcient.
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Figure 6.149: DA4022 9×6.75 (4 blades) power coeﬃcient.
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Figure 6.150: DA4022 9×6.75 (4 blades) eﬃciency curves.
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Figure 6.151: Performance comparison for the 4-blade DA4022: (a) thrust coeﬃcient and (b) power coeﬃ-
cient.
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Figure 6.152: Thrust coeﬃcient comparison for the 5-in DA4022 with diﬀerent number of blades.
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Figure 6.153: Power coeﬃcient comparison for the 5-in DA4022 with diﬀerent number of blades.
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Figure 6.154: Eﬃciency comparison for the 5-in DA4022 with diﬀerent number of blades.
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Figure 6.155: Thrust coeﬃcient comparison for the 9-in DA4022 with diﬀerent number of blades.
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Figure 6.156: Power coeﬃcient comparison for the 9-in DA4022 with diﬀerent number of blades.
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Figure 6.157: Eﬃciency comparison for the 9-in DA4022 with diﬀerent number of blades.
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Figure 6.158: Thrust coeﬃcient divided by the number of blades for the 5-in DA402.
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Figure 6.159: Power coeﬃcient divided by the number of blades for the 5-in DA4022.
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Figure 6.160: Thrust coeﬃcient divided by the number of blades for the 9-in DA402.
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Figure 6.161: Power coeﬃcient divided by the number of blades for the 9-in DA4022.
6.2.3 DA4052
While the DA4002 looked at the eﬀects of changing the pitch and the DA4022 looked at the eﬀects of
changing the number of blades, the DA4052 looks at both types of eﬀects. Figures 6.162–6.164 provide
the baseline performance data for the 2-blade 5-in propeller. From the thrust and power coeﬃcient plots,
it seems that Reynolds number mostly aﬀects CP . The lift coeﬃcient is about the same while the power
coeﬃcient decreases as the Reynolds number increases. The advancing ﬂow performance is consistent with
the trends shown in the static performance. The decrease in CP has the eﬀect of the eﬃciency generally
increasing as the Reynolds number increases (Fig. 6.164). Results for the 9-in baseline propeller are shown
Figs. 6.162–6.164. The 9-in propeller also shows little change in CT while CP decreases as the Reynolds
number increases, and the resulting propeller eﬃciency increases with Reynolds number. As expected from
the static performance comparison, the 9-in propeller has a lower thrust and power coeﬃcient than the 5-in
propeller at the same Reynolds number (Fig. 6.168). From the discussion on the static performance, it is
expected that there is either a small diﬀerence in the geometry between the 5- and 9-in versions of the
propellers or the blades were not perfectly seated in the hubs.
Performance results for the 3-blade conﬁguration are shown in Figs. 6.169–6.171 for the 5-in propeller
and in Figs. 6.169–6.171 for the 9-in propeller. The results for both diameters show the same trends seen
with the 2-blade conﬁguration: little change in CT and CP decreases with increasing Reynolds number. The
decrease in CP leads to an increase in the eﬃciency of the propellers. The comparison between the two
diameters is provided in Fig. 6.175. For this conﬁguration, the results from both diameters agree very well
when they are at the same Reynolds number. Only the 5-in propeller was tested in the 4-blade conﬁguration
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Figure 6.162: DA4052 5×3.75 thrust coeﬃcient.
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Figure 6.163: DA4052 5×3.75 power coeﬃcient.
so no comparison is included. The performance data of the 5-in propeller is given in Figs. 6.176–6.178. The
same trends in CT and CP are seen, but the overall eﬃciency increase for this propeller is less than the other
conﬁgurations.
Figures 6.179–6.181 shows the eﬀects of changing the number of blades on the 5-in DA4052, and
Figs. 6.182–6.184 shows the blade eﬀect on the 9-in DA4052. The blade eﬀect for the DA4052 is not exactly
the same as the DA4022. While both the thrust and power coeﬃcients both increase with increasing blade
number, the thrust coeﬃcient for the diﬀerent blade numbers does not go to zero at the same advance ratio.
The eﬃciency decreases with the additional blades, but the advance ratio for the maximum eﬃciency is not
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Figure 6.164: DA4052 5×3.75 eﬃciency curves.
constant as it was for the DA4022. For the DA4052, the advance ratio for maximum eﬃciency decreases
with increasing blade number. Similar to the static results of the DA4052 and both the static and advancing
ﬂow results of the DA4022, the thrust and power coeﬃcients per blade decrease as the number of blades
increase for the 5-in propellers (Figs. 6.185 and 6.186) and the 9-in propellers (Figs. 6.187 and 6.188). The
decrease in CT is more than the decrease in CP , which explains the decrease in the eﬃciency curves.
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Figure 6.165: DA4052 9×6.75 thrust coeﬃcient.
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Figure 6.166: DA4052 9×6.75 power coeﬃcient.
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Figure 6.167: DA4052 9×6.75 eﬃciency curves.
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Figure 6.168: Performance comparison for the 2-blade DA4052: (a) thrust coeﬃcient and (b) power coeﬃ-
cient.
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Figure 6.169: DA4052 5×3.75 (3 blades) thrust coeﬃcient.
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Figure 6.170: DA4052 5×3.75 (3 blades) power coeﬃcient.
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Figure 6.171: DA4052 5×3.75 (3 blades) eﬃciency curves.
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Figure 6.172: DA4052 9×6.75 (3 blades) thrust coeﬃcient.
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Figure 6.173: DA4052 9×6.75 (3 blades) power coeﬃcient.
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Figure 6.174: DA4052 9×6.75 (3 blades) eﬃciency curves.
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Figure 6.175: Performance comparison for the 3-blade DA4052: (a) thrust coeﬃcient and (b) power coeﬃ-
cient.
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Figure 6.176: DA4052 5×3.75 (4 blades) thrust coeﬃcient.
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Figure 6.177: DA4052 5×3.75 (4 blades) power coeﬃcient.
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Figure 6.178: DA4052 5×3.75 (4 blades) eﬃciency curves.
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Figure 6.179: Thrust coeﬃcient comparison for the 5-in DA4052 with diﬀerent number of blades.
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Figure 6.180: Power coeﬃcient comparison for the 5-in DA4052 with diﬀerent number of blades.
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Figure 6.181: Eﬃciency comparison for the 5-in DA4052 with diﬀerent number of blades.
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Figure 6.182: Thrust coeﬃcient comparison for the 9-in DA4052 with diﬀerent number of blades.
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Figure 6.183: Power coeﬃcient comparison for the 9-in DA4052 with diﬀerent number of blades.
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Figure 6.184: Eﬃciency comparison for the 9-in DA4052 with diﬀerent number of blades.
0.0 0.2 0.4 0.6 0.8 1.0
0.00
0.05
0.10
J
C T
 
/B
DA4052 5 in
2 blades, Re = 26,000 (7,000 RPM)
3 blades, Re = 25,700 (7,000 RPM)
4 blades, Re = 25,400 (7,000 RPM)
Figure 6.185: Thrust coeﬃcient divided by the number of blades for the 5-in DA4052.
263
0.0 0.2 0.4 0.6 0.8 1.0
0.00
0.05
0.10
J
C P
 
/B
DA4052 5 in
2 blades, Re = 26,000 (7,000 RPM)
3 blades, Re = 25,700 (7,000 RPM)
4 blades, Re = 25,400 (7,000 RPM)
Figure 6.186: Power coeﬃcient divided by the number of blades for the 5-in DA4052 .
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Figure 6.187: Thrust coeﬃcient divided by the number of blades for the 9-in DA4052.
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Figure 6.188: Power coeﬃcient divided by the number of blades for the 9-in DA4052 .
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Figure 6.189: DA4052 5×1.58 thrust coeﬃcient.
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Figure 6.190: DA4052 5×1.58 power coeﬃcient.
Besides changing the number of blades, the eﬀect of changing the pitch was also tested with the DA4052.
Performance results of the DA4052 with a 10 deg decrease in pitch are shown in Figs. 6.189–6.191 for the
5-in propeller. Similar to the original pitch case, the Reynolds number eﬀects are shown as a decrease in
CP . This decrease in CP causes a small increase in the eﬃciency. For the 9-in propeller (Figs. 6.192–6.194),
a Reynolds number eﬀect is not apparent in the plots in that the CT and CP do not change with Reynolds
number. For the eﬃciency curves, the 4,000 RPM test instead of the 5,000 RPM test shows the larger value.
From the static performance results, the thrust coeﬃcient does not change at those rotational rates, but the
power coeﬃcient is lower at 4,000 RPM than it is at 5,000 RPM. The comparison plot (Fig. 6.195) shows
that the thrust and power coeﬃcients are lower for the 5-in propeller when at the same Reynolds number
as the 9-in propeller.
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Figure 6.191: DA4052 5×1.58 eﬃciency curves.
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Figure 6.192: DA4052 9×2.85 thrust coeﬃcient.
For the 5 deg pitch decrease case, the results for the 5-in propeller are shown in Figs. 6.196–6.198, and
the 9-in results are shown in Figs. 6.199–6.201. Both diameters show no change in CT and a decrease
in CP as the Reynolds number increases. The eﬃciency of both diameters also increases with Reynolds
number. These performance trends are the same as have been seen with the other conﬁgurations. For the
comparison plot (Fig. 6.202), the 5-in propeller is similar to the −10 deg case and shows lower thrust and
power coeﬃcient curves.
The ﬁnal conﬁguration tested was the increase in pitch by 5 deg. Results for the 5-in propeller (Figs. 6.203–
6.205) show the same trends seen in the other conﬁgurations: no change in CT , a decrease in CP , and an
266
0.0 0.2 0.4 0.6 0.8
0.00
0.05
0.10
J
C P
DA4052 9 in (2 blades) −10 deg
Re = 23,800 (2,000 RPM)
Re = 36,200 (3,000 RPM)
Re = 48,400 (4,000 RPM)
Re = 60,400 (5,000 RPM)
Figure 6.193: DA4052 9×2.85 power coeﬃcient.
increase in the eﬃciency. These trends are also shown in Figs. 6.206–6.208 for the 9-in propeller. The
comparison between the two diameters is shown in Fig. 6.209, and the 5-in propeller has lower coeﬃcients
than the 9-in propeller.
The eﬀects of the pitch angle on the 5-in propeller are shown in Figs. 6.210–6.212, and eﬀects on the
9-in propeller are shown in Figs. 6.213–6.215. As expected, an increase or decrease in the pitch angle will
increase or decrease, respectively, the thrust and power coeﬃcients. The eﬃciency plots (Figs. 6.212 and
6.212) show that the maximum eﬃciency increases as the pitch angle increases. It is expected that if the
pitch angle continued to increase, the maximum eﬃciency would level oﬀ and eventually start to decrease
(Fig. 4.16).
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Figure 6.194: DA4052 9×2.85 eﬃciency curves.
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Figure 6.195: Performance comparison for the 2-blade DA4052 with the pitch decreased by 10 deg: (a) thrust
coeﬃcient and (b) power coeﬃcient.
268
0.0 0.2 0.4 0.6 0.8
0.00
0.05
0.10
J
C T
DA4052 5 in (2 blades) −5 deg
Re = 14,500 (4,000 RPM)
Re = 18,100 (5,000 RPM)
Re = 21,900 (6,000 RPM)
Re = 25,500 (7,000 RPM)
Figure 6.196: DA4052 5×2.65 thrust coeﬃcient.
0.0 0.2 0.4 0.6 0.8
0.00
0.05
0.10
J
C P
DA4052 5 in (2 blades) −5 deg
Re = 14,500 (4,000 RPM)
Re = 18,100 (5,000 RPM)
Re = 21,900 (6,000 RPM)
Re = 25,500 (7,000 RPM)
Figure 6.197: DA4052 5×2.65 power coeﬃcient.
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Figure 6.198: DA4052 5×2.65 eﬃciency curves.
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Figure 6.199: DA4052 9×4.76 thrust coeﬃcient.
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Figure 6.200: DA4052 9×4.76 power coeﬃcient.
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Figure 6.201: DA4052 9×4.76 eﬃciency curves.
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Figure 6.202: Performance comparison for the 2-blade DA4052 with the pitch decreased by 5 deg: (a) thrust
coeﬃcient and (b) power coeﬃcient.
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Figure 6.203: DA4052 5×4.92 thrust coeﬃcient.
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Figure 6.204: DA4052 5×4.92 power coeﬃcient.
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Figure 6.205: DA4052 5×4.92 eﬃciency curves.
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Figure 6.206: DA4052 9×8.95 thrust coeﬃcient.
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Figure 6.207: DA4052 9×8.95 power coeﬃcient.
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Figure 6.208: DA4052 9×8.95 eﬃciency curves.
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Figure 6.209: Performance comparison for the 2-blade DA4052 with the pitch increased by 5 deg: (a) thrust
coeﬃcient and (b) power coeﬃcient.
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Figure 6.210: Thrust coeﬃcient comparison for the 5-in 2-blade DA4052 with diﬀerent pitch angles.
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Figure 6.211: Power coeﬃcient comparison for the 5-in 2-blade DA4052 with diﬀerent pitch angles.
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Figure 6.212: Eﬃciency comparison for the 5-in 2-blade DA4052 with diﬀerent pitch angles.
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Figure 6.213: Thrust coeﬃcient comparison for the 9-in 2-blade DA4052 with diﬀerent pitch angles.
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Figure 6.214: Power coeﬃcient comparison for the 9-in 2-blade DA4052 with diﬀerent pitch angles.
0.0 0.2 0.4 0.6 0.8 1.0
0.0
0.2
0.4
0.6
0.8
J
η
DA4052 9 in (2 blades)
9×6.75, Re = 60,500 (5,000 RPM)
−10 deg, Re = 60,400 (5,000 RPM)
−5 deg, Re = 60,600 (5,000 RPM)
+5 deg, Re = 60,900 (5,000 RPM)
Figure 6.215: Eﬃciency comparison for the 9-in 2-blade DA4052 with diﬀerent pitch angles.
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Figure 6.216: Thrust coeﬃcient comparison for the 5-in 2-blade DA propellers.
6.2.4 Comparison of the DA Propellers
A comparison was made between the three DA propellers for each diameter. Figure 6.216 shows the thrust
coeﬃcient for each DA propeller at 6,000 RPM. While the DA4022 and DA4052 have about the same blade
area, the thrust coeﬃcient for the DA4022 is larger. As mentioned earlier, the DA4022 is a rectangular
blade while the wider part of the DA4052 is closer to the hub. The thrust coeﬃcient values for the DA4002
are between the DA4052 and DA4022 at low advance ratios then they become larger than the DA4022 at
advance ratios greater than 0.6. For the power coeﬃcient of the 5-in propellers (Fig. 6.217), the DA4002
and DA4022 have about the same values, but the DA4052 is lower. While the DA4052 was designed to have
lower losses in general, some of the reasons for the lower CP seen in Fig. 6.217 is also due to the propeller not
producing as much thrust. In terms of the eﬃciency (Fig. 6.218), all three propellers have about the same
maximum eﬃciency, but the advance ratio for the maximum eﬃciency diﬀers. In order from the smallest
advance ratio to the largest, the propellers are the DA4052, DA4022, and DA4002.
A comparison between the thrust coeﬃcients of the 9-in propellers is shown in Fig. 6.219. Results for the
9-in propellers are similar to the 5-in propellers except that the advance ratio where the DA4002 becomes
larger is less and is around 0.35. Figure 6.220 shows the power coeﬃcient comparison, and it diﬀers from
the 5-in comparison in that there is more of a diﬀerence between the DA4002 and DA4022 at larger advance
ratios with the 9-in propellers. The eﬃciency curves for the propellers (Fig. 6.221) show that the maximum
eﬃciency for the three propellers is about the same. In terms of the advance ratios for the maximum
eﬃciencies, the 9-in propellers follow the same pattern as the 5-in propellers.
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Figure 6.217: Power coeﬃcient comparison for the 5-in 2-blade DA propellers.
The DA4052 was designed to minimize losses by having a constant lift distribution and induced ﬂow
distribution at the advance ratio for maximum eﬃciency. However, the pitch was set to be the same as the
rectangular blade, so at the advance ratio for maximum eﬃciency, the airfoil section were not operating at
the best Cl/Cd. Better performance might have been achieved if the propeller had been designed closer to
the best Cl/Cd point.
The crossing of the thrust coeﬃcient curves for the DA4002 and DA4022 seem strange. When these two
propellers are simulated in PROPID at the same rotational speed as the experiment (5,000 RPM), the results
look diﬀerent (Figs. 6.222–6.224). While the thrust and power coeﬃcient curves for the two propellers look
to converge at large advance ratios, the curves from the DA4002 never cross the DA4022. When compared
to PROPID, the experimental results look like one of the curves has been shifted either up or down. A shift
in the curve seems to suggest that the pitch of the two propellers do not match, and the pitch of the DA4002
is greater than the DA4022. This diﬀerence in pitch is probably a diﬀerence from manufacturing. From the
PropScanner measurements, the DA4002 was shown to have about a 1 deg greater pitch than expected.
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Figure 6.218: Eﬃciency comparison for the 5-in 2-blade DA propellers.
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Figure 6.219: Thrust coeﬃcient comparison for the 9-in 2-blade DA propellers.
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Figure 6.220: Power coeﬃcient comparison for the 9-in 2-blade DA propellers.
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Figure 6.221: Eﬃciency comparison for the 9-in 2-blade DA propellers.
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Figure 6.222: Thrust coeﬃcients from PROPID for the DA4002 and DA4022 propellers at 5,000 RPM.
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Figure 6.223: Power coeﬃcients from PROPID for the DA4002 and DA4022 propellers at 5,000 RPM.
284
0.0 0.2 0.4 0.6 0.8
0.0
0.2
0.4
0.6
0.8
J
η
5,000 RPM
DA4002 DA4022
Figure 6.224: Eﬃciency curves from PROPID for the DA4002 and DA4022 propellers at 5,000 RPM.
6.2.5 NR640
As discussed in the geometry chapter (Sec. 3.2), the NR640 propeller was based on the 10-ft propeller
described in NACA Report 640 [41]. The performance results from that report are provided in Figs. 6.225–
6.230. The ﬁrst three ﬁgures show the eﬀect of changing the number of blades on the performance. As the
number of blades increase, the thrust and power coeﬃcients increase. However, all of the thrust coeﬃcient
curves converge to the same advance ratio for zero thrust. The power coeﬃcients also converge to the same
advance ratio for zero power. The eﬃciency curves show that 2-blade propeller is the most eﬃcient followed
by the 4-blade. The 3-blade propeller has the lowest eﬃciency values. The second set of ﬁgures show the
eﬀect of increasing the pitch angle on the 2-blade propeller. When the pitch is increased, the thrust and
power coeﬃcient curves are increased, but unlike the multi-blade comparison, the thrust and power curves
for the diﬀerent conﬁgurations do not converge at zero thrust and zero power. As the pitch is increased, the
eﬃciency of the propeller increased and the advance ratio for maximum eﬃciency also increased. Only the
15 and 20 deg pitch cases are shown from the full-scale tests since those were they only pitch angles tested
with the small-scale versions. The full scale propellers were only tested at one rotational rate, so Reynolds
number eﬀects were not shown, and the size and speed of the propeller places part of propeller blade beyond
the incompressible limit of Mach 0.3. The tip Mach number for the full-scale propeller is around 0.56.
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Figure 6.225: Thrust coeﬃcient for the full-scale NR640 with diﬀerent number of blades. Data from NACA
Report 640 [41].
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Figure 6.226: Power coeﬃcient for the full-scale NR640 with diﬀerent number of blades. Data from NACA
Report 640 [41].
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Figure 6.227: Eﬃciency curves for the full-scale NR640 with diﬀerent number of blades. Data from NACA
Report 640 [41].
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Figure 6.228: Thrust coeﬃcient for the full-scale NR640 with diﬀerent pitch angles. Data from NACA
Report 640 [41].
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Figure 6.229: Power coeﬃcient for the full-scale NR640 with diﬀerent pitch angles. Data from NACA Report
640 [41].
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Figure 6.230: Eﬃciency curves for the full-scale NR640 with diﬀerent pitch angles. Data from NACA Report
640 [41].
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Figure 6.231: Thrust coeﬃcient for the 5-in NR640 (2 blades) with a pitch of 15 deg.
Performance results of the 5-in propeller with 2 blades at a 15 deg pitch angle are shown in Figs. 6.231–
6.233. The Reynolds number eﬀects are apparent in both the thrust and power coeﬃcients. As the Reynolds
number increases, both the thrust and power coeﬃcients increase. Nevertheless, the increase in the thrust
coeﬃcient is large enough to counter any increase in the power coeﬃcient, and the eﬃciency of the propeller
is increased with increasing Reynolds number. Results for the 9-in propeller are shown in Figs. 6.234–6.236
and show the same trends as the 5-in propeller. The two propeller diameters are compared in Fig. 6.237, and
the result is that the 5-in propeller produces a larger thrust and power coeﬃcient. That the 5-in propeller
had larger coeﬃcients was expected from the results seen during the static performance tests. The coeﬃcient
curves from the two propellers have the same shape but are just shifted away from each other. This shifting
of the curves leads to the conclusion that the performance diﬀerence between the two propellers is mostly
from a pitch diﬀerence caused during manufacturing.
Performance results for the 3-blade are given in Figs. 6.238–6.240 for the 5-in propeller and in Figs. 6.241–
6.243 for the 9-in propeller. Both diameters show the same Reynolds number trends as the 2-blade propellers:
increase in CT , CP , and the eﬃciency as the Reynolds number increases. The comparison between the two
diameters is shown in Fig. 6.244, and while the two diameters have curves that look similar, the values for
the 5-in propeller are larger. The same Reynolds number trends seen in the 2- and 3-blade propellers are also
seen in the 4-blade propeller with a 5-in diameter (Figs. 6.245–6.247) and a 9-in diameter (Figs. 6.248–6.250).
Figure 6.251 shows the comparison between the 5- and 9-in propellers. The curves for the two diameters
look similar but the 5-in propeller has larger values.
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Figure 6.232: Power coeﬃcient for the 5-in NR640 (2 blades) with a pitch of 15 deg.
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Figure 6.233: Eﬃciency curves for the 5-in NR640 (2 blades) with a pitch of 15 deg.
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Figure 6.234: Thrust coeﬃcient for the 9-in NR640 (2 blades) with a pitch of 15 deg.
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Figure 6.235: Power coeﬃcient for the 9-in NR640 (2 blades) with a pitch of 15 deg.
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Figure 6.236: Eﬃciency curves for the 9-in NR640 (2 blades) with a pitch of 15 deg.
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Figure 6.237: Performance comparison for the 2-blade NR640: (a) thrust coeﬃcient and (b) power coeﬃcient.
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Figure 6.238: Thrust coeﬃcient for the 5-in NR640 (3 blades) with a pitch of 15 deg.
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Figure 6.239: Power coeﬃcient for the 5-in NR640 (3 blades) with a pitch of 15 deg.
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Figure 6.240: Eﬃciency curves for the 5-in NR640 (3 blades) with a pitch of 15 deg.
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Figure 6.241: Thrust coeﬃcient for the 9-in NR640 (3 blades) with a pitch of 15 deg.
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Figure 6.242: Power coeﬃcient for the 9-in NR640 (3 blades) with a pitch of 15 deg.
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Figure 6.243: Eﬃciency curves for the 9-in NR640 (3 blades) with a pitch of 15 deg.
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Figure 6.244: Performance comparison for the 3-blade NR640: (a) thrust coeﬃcient and (b) power coeﬃcient.
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Figure 6.245: Thrust coeﬃcient for the 5-in NR640 (4 blades) with a pitch of 15 deg.
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Figure 6.246: Power coeﬃcient for the 5-in NR640 (4 blades) with a pitch of 15 deg.
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Figure 6.247: Eﬃciency curves for the 5-in NR640 (4 blades) with a pitch of 15 deg.
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Figure 6.248: Thrust coeﬃcient for the 9-in NR640 (4 blades) with a pitch of 15 deg.
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Figure 6.249: Power coeﬃcient for the 9-in NR640 (4 blades) with a pitch of 15 deg.
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Figure 6.250: Eﬃciency curves for the 9-in NR640 (4 blades) with a pitch of 15 deg.
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Figure 6.251: Performance comparison for the 4-blade NR640: (a) thrust coeﬃcient and (b) power coeﬃcient.
299
0.0 0.2 0.4 0.6 0.8
0.00
0.05
0.10
0.15
J
C T
NR640 5 in 15 deg
2 blades, Re = 19,700 (8,000 RPM)
3 blades, Re = 19,800 (8,000 RPM)
4 blades, Re = 19,900 (8,000 RPM)
Figure 6.252: Thrust coeﬃcient comparison for the 5-in NR640 with diﬀerent number of blades.
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Figure 6.253: Power coeﬃcient comparison for the 5-in NR640 with diﬀerent number of blades.
The eﬀect of the number of blades is shown in Figs. 6.252–6.254 for the 5-in propeller and in Figs. 6.255–
6.257 for the 9-in propellers. As the number of blades increases, the thrust and power coeﬃcients increase
but the eﬃciency decreases. The advance ratio for the maximum eﬃciency does not change with the number
of blades and is about the same for the 5-in and 9-in propellers. Figures 6.258–6.259 show the thrust and
power coeﬃcients divided by the number of blades for the 5-in propeller, and Figs. 6.260–6.261 show the
results for the 9-in propeller. As was shown with the DA4022 and DA4052 propellers, as the number of
blades increase, the thrust and power coeﬃcient per blade decreases. A similar result was seen for the
full-scale propeller [41]. For the 9-in propeller, there does not seem to be a large diﬀerence in the coeﬃcients
per blade between the 3-blade and 4-blade conﬁgurations.
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Figure 6.254: Eﬃciency comparison for the 5-in NR640 with diﬀerent number of blades.
The results for the NR640 propellers can be compared to the full-scale results. The thrust coeﬃcients
for the 5-in propellers are smaller than the full scale and the power coeﬃcients are larger. The thrust and
power coeﬃcients for the 9-in propeller match very well with the full-scale thrust and power coeﬃcients
except that the full scale does not reach zero thrust until a larger advance ratio. This extra thrust at large
advance ratio could be due to the compressibility eﬀects of the full-scale propeller. The eﬃciencies of the 5-
and 9-in propellers are smaller than the full-scale, and the advance ratio for maximum eﬃciency is less than
the full-scale.
Results for the 2-blade propellers with a pitch angle of 20 deg are presented in Figs. 6.262–6.264 for
the 5-in propeller and in Figs. 6.265–6.267 for the 9-in propeller. The Reynolds number eﬀects for this
conﬁguration are the same as the other NR640 conﬁgurations: the thrust coeﬃcient, power coeﬃcient, and
the eﬃciency increases with Reynolds number. The comparison between the diameters is shown in Fig. 6.268,
and the results show that the 5-in propeller has larger coeﬃcients. The eﬀects of the pitch angle on the
performance are shown in Figs. 6.269–6.274. An increase in the pitch angle increases the thrust and power
coeﬃcients and extends the eﬃciency curve to larger advance ratios. For these propellers, there was also
an increase in the maximum eﬃciency. Comparing to the full-scale results, the trends are similar, but the
5-in propeller has a smaller CT and larger CP . The values for the 9-in propeller are closer to the full-scale
except that the thrust stays positive for a larger advance ratio. The maximum eﬃciencies for the 5- and
9-in propellers are smaller than the full-scale and occur at smaller advance ratios.
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Figure 6.255: Thrust coeﬃcient comparison for the 9-in NR640 with diﬀerent number of blades.
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Figure 6.256: Power coeﬃcient comparison for the 9-in NR640 with diﬀerent number of blades.
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Figure 6.257: Eﬃciency comparison for the 9-in NR640 with diﬀerent number of blades.
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Figure 6.258: Thrust coeﬃcient divided by the number of blades for the 5-in NR640.
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Figure 6.259: Power coeﬃcient divided by the number of blades for the 5-in NR640.
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Figure 6.260: Thrust coeﬃcient divided by the number of blades for the 9-in NR640.
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Figure 6.261: Power coeﬃcient divided by the number of blades for the 9-in NR640.
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Figure 6.262: Thrust coeﬃcient for the 5-in NR640 (2 blades) with a pitch of 20 deg.
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Figure 6.263: Power coeﬃcient for the 5-in NR640 (2 blades) with a pitch of 20 deg.
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Figure 6.264: NR640 5×4.92 eﬃciency curves.
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Figure 6.265: Thrust coeﬃcient for the 9-in NR640 (2 blades) with a pitch of 20 deg.
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Figure 6.266: Power coeﬃcient for the 9-in NR640 (2 blades) with a pitch of 20 deg.
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Figure 6.267: NR640 9×8.95 eﬃciency curves.
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Figure 6.268: Performance comparison for the 2-blade NR640 with the pitch increased by 5 deg: (a) thrust
coeﬃcient and (b) power coeﬃcient.
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Figure 6.269: Thrust coeﬃcient comparison for the 5-in NR640 (2 blades) with diﬀerent pitch angles.
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Figure 6.270: Power coeﬃcient comparison for the 5-in NR640 (2 blades) with diﬀerent pitch angles.
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Figure 6.271: Eﬃciency comparison for the 5-in NR640 (2 blades) with diﬀerent pitch angles.
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Figure 6.272: Thrust coeﬃcient comparison for the 9-in NR640 (2 blade) with diﬀerent pitch angles.
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Figure 6.273: Power coeﬃcient comparison for the 9-in NR640 (2 blade) with diﬀerent pitch angles.
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Figure 6.274: Eﬃciency comparison for the 9-in NR640 (2 blade) with diﬀerent pitch angles.
6.2.6 Summary of 3D Printed Advancing Flow Performance
Results from the 3D printed propeller in an advancing ﬂow show the general Reynolds number trends
expected in that the eﬃciency increases with increasing Reynolds number. The increase in eﬃciency can
come from an increase in the thrust coeﬃcient, a decrease in the power coeﬃcient, or both. For the DA4002
and DA4022 propellers, the thrust coeﬃcient typically increased while the power coeﬃcient had little change.
The DA4052 saw decreases in the power coeﬃcient while the thrust coeﬃcient did not change. Results for
the NR640 were diﬀerent in that both the thrust and power coeﬃcients increased with Reynolds number,
but the thrust coeﬃcient increase more, so the eﬃciency still increased.
Three of the propellers were tested with diﬀerent numbers of blades, and three were tested at diﬀerent
pitch angles. From the multiple blade tests, it was shown that the thrust and power coeﬃcients increased
when blades were added, but the thrust and power coeﬃcients per blade decreased as blades were added.
The eﬃciency of the propeller also decreased as the number of blades increased, but the advance ratio for
the maximum eﬃciency stayed about the same. Results for propellers at diﬀerent pitch angles showed that
the coeﬃcients increased as the pitch increased. For the pitch angles tested, the eﬃciency also increased
with increases in the pitch, and the advance ratios for the maximum eﬃciency increased as well.
Similar to the static performance results, the advancing ﬂow results showed that if the geometry is
identical, then propellers of diﬀerent scales will have the same performance at the same Reynolds numbers.
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The DA4002 propellers showed this behavior the best. Results from the two diﬀerent diameters of the NR640
showed the same trends in the coeﬃcients, but it seems that the propellers were oﬀ by a diﬀerence in the
pitch angle. When compared to the full-scale version of the NR640, the smaller scale propellers tend to have
less CT and more CP . The full-scale propellers also did not reach zero thrust until a larger advance ratio.
The diﬀerences between the full-scale and smaller propellers were due to the Reynolds number diﬀerences
and that the full-scale propeller has compressibility concerns.
A comparison between the wind tunnel results and PROPID results for the DA4002 showed the diﬃculty
in predicting small-scale propellers. The results of the simulated 9-in propeller were close to the results from
the experiment, but the Reynolds number for the PROPID results were mostly above 40,000. To predict
the performance of the 5-in propellers, accurate airfoil data for Reynolds numbers below 40,000 is required.
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Chapter 7
7-Hole Probe
7.1 Theory
Modern multi-hole probes such as a 7-hole probe or a 5-hole probe are ﬁxed-position (or non-nulling) probes.
The ﬁxed-position means that the probe does not have to be rotated in the ﬂow in order to ﬁnd one of the ﬂow
angles. Typical hole layouts for a 5-hole and 7-hole probe are shown in Figs. 7.1 and 7.2, respectively. One
hole is at the center of the probe while the remaining are equally spaced around the outer part of the probe.
Early multi-hole probes, that were used to determine ﬂow direction, required the probe to be aligned in the
ﬂow until some of the pressure readings on the probe equalized [52]. The equalizing of pressure is termed
as nulling, and after this equalization was done, a set of calibration curves could be used to determine the
other ﬂow angles. The modern method is to calculate pressure coeﬃcients without the need of nulling, and
compare these coeﬃcients to calibration values to determine the ﬂow angle. Krause and Dudzinski [53, 54]
presented a ﬁxed-position coeﬃcient method for a 5-hole probe that was later extended to a 7-hole probe by
Gallington [55]. The way this method works is to determine pressure coeﬃcients that are sensitive to one of
the ﬂow angles.
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Figure 7.1: Hole layout of a 5-hole probe.
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Figure 7.2: Hole layout of a 7-hole probe.
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At relatively small ﬂow angles (25 deg and less), the ﬂow is generally still attached to the probe and the
center hole measures the largest pressure. Determining the pressure coeﬃcients sensitive to the two ﬂow
angles (pitch and yaw) for a 5-hole probe is straight forward (Eqs. 7.1 and 7.2, respectively).
Cα =
p1 − p3
p5 − 14 (p1 + p2 + p3 + p4)
(7.1)
Cβ =
p4 − p2
p5 − 14 (p1 + p2 + p3 + p4)
(7.2)
The vertical holes (1 and 3) are aligned in the pitch direction, and the horizontal holes (2 and 4) are aligned
in the yaw direction. The denominator of the two equations can be thought of as a representation of the
dynamic pressure where p5 is similar to the total pressure and the average of the outer holes is similar to
the static pressure.
For a 7-hole probe, the addition of two more holes requires a diﬀerent set of equations. Instead of only
two set of outer holes that are orthogonal, there are three sets of holes that are 60 deg apart. For this
discussion, a set of holes is deﬁned as being 180 deg apart from each other (holes 1 and 4, holes 2 and 5,
and holes 3 and 6). While holes 1 and 4 are aligned in the pitch direction, holes 2 and 5 and holes 3 and 6
have components in the pitch and yaw direction. Another complication is that while only two sets of holes
are required to deﬁne coeﬃcients that are sensitive to pitch and yaw, three possible combinations exist with
the 7-hole probe. Deﬁning holes 1 and 4 as set a, holes 3 and 6 as set b, and holes 2 and 5 as set c, the
three combinations are sets a and b, sets a and c, and sets b and c. Gallington [55] derived a set of pressure
coeﬃcients for the 7-hole probe that equally weighted the three possible combinations of hole sets. First the
pressure coeﬃcients for each hole set are deﬁned by Eqs. 7.3–7.6.
Ca =
p1 − p4
p7 − p (7.3)
Cb =
p6 − p3
p7 − p (7.4)
Cc =
p5 − p2
p7 − p (7.5)
p =
1
6
(p1 + p2 + p3 + p4 + p5 + p6) (7.6)
The coeﬃcients sensitive to pitch and yaw are then written as a combination of the three coeﬃcients (Eqs. 7.7
and 7.8).
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Cα7 =
1
3
(2Ca + Cb − Cc) (7.7)
Cβ7 =
1√
3
(Cb + Cc) (7.8)
Coeﬃcients that represent the total and static pressure can also be deﬁned (Eqs. 7.9 and 7.10).
Ctotal7 =
p7 − ptotal
p7 − p (7.9)
Cstatic7 =
p− pstatic
p7 − p (7.10)
(7.11)
At large ﬂow angles, the leeward side of the probe will eventually separate, and the center hole will no
longer read the highest pressure. Figures 7.3 shows an example of ﬂow separation on a 7-hole probe. Even
with ﬂow separation, there are still at least three holes on the windward side that are in attached ﬂow.
Instead of using the pressure from all of the holes at these large angles, only the holes in the attached ﬂow
are used to calculate coeﬃcients that are sensitive to the pitch and yaw. The determination of which holes to
use is based on the hole that reads the highest pressure. If hole 7 (the center hole) has the largest pressure,
then the pressures from all of the holes are used with the coeﬃcients deﬁned above (Eqs. 7.7–7.10). If one of
the other six holes measure the largest pressure, then only that hole, the holes immediately on either side,
and the center hole are used. For the example in Fig. 7.3, hole 1 would have the highest pressure, so only
holes 1, 2, 6, and 7 would be used. The dividing of holes based on the largest pressure is referred to as
sectoring.
When dealing with the large angles, it is easier to deﬁne the ﬂow in spherical coordinates as shown in
Fig. 7.4. From the ﬁgure, θ is referred to as the pitch angle and φ as the roll angle. Coeﬃcients that are
sensitive to the pitch angle and roll angle can now be deﬁned for each sector (Eqs. 7.12–7.17).
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Figure 7.3: Example of ﬂow separation at large angles on a 7-hole probe. Adapted from Gallington [55].
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Figure 7.4: Angle deﬁnition for the seven-hole.
Cθ1 =
p1 − p7
p1 − p2+p62
Cφ1 =
p6 − p2
p1 − p2+p62
(7.12)
Cθ2 =
p2 − p7
p2 − p1+p32
Cφ2 =
p1 − p3
p2 − p1+p32
(7.13)
Cθ3 =
p3 − p7
p3 − p2+p42
Cφ3 =
p2 − p4
p3 − p2+p42
(7.14)
Cθ4 =
p4 − p7
p4 − p3+p52
Cφ4 =
p3 − p5
p4 − p3+p52
(7.15)
Cθ5 =
p5 − p7
p5 − p4+p62
Cφ5 =
p4 − p6
p5 − p4+p62
(7.16)
Cθ6 =
p6 − p7
p6 − p5+p12
Cφ6 =
p5 − p1
p6 − p5+p12
(7.17)
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The static and total coeﬃcients for these large angle sectors are deﬁned as
Ctotal1 =
p1 − ptotal
p1 − p2+p62
Cstatic1 =
p2+p6
2 − pstatic
p1 − p2+p62
(7.18)
Ctotal2 =
p2 − ptotal
p2 − p1+p32
Cstatic2 =
p1+p3
2 − pstatic
p2 − p1+p32
(7.19)
Ctotal3 =
p3 − ptotal
p3 − p2+p42
Cstatic3 =
p2+p4
2 − pstatic
p3 − p2+p42
(7.20)
Ctotal4 =
p4 − ptotal
p4 − p3+p52
Cstatic4 =
p3+p5
2 − pstatic
p4 − p3+p52
(7.21)
Ctotal5 =
p5 − ptotal
p5 − p4+p62
Cstatic5 =
p4+p6
2 − pstatic
p5 − p4+p62
(7.22)
Ctotal6 =
p6 − ptotal
p6 − p5+p12
Cstatic6 =
p5+p1
2 − pstatic
p6 − p5+p12
(7.23)
The coeﬃcients for the pitch and roll are from Gallington et al. [55, 56], but the total and static coeﬃcients
are from Zilliac [57, 58].
The above equations for the 7-hole probe use the actual pressure for each hole. During a test, the probe
is connected to diﬀerential pressure transducers that actually measure px−pref . To convert the 7-hole probe
coeﬃcients into the pressures actually measured, ﬁrst the diﬀerential pressure px
′ is deﬁned as
px
′ = px − pref (7.24)
Now the probe coeﬃcients are rewritten in terms of px
′. Using sector one as an example, the θ coeﬃcient
becomes
Cθ1 =
(p1
′ + pref )− (p7′ + pref )
(p1′ + pref )− (p2′+pref )+(p6′+pref )2
(7.25)
Cθ1 =
p1
′ − p7′
p1′ − p2′+p6′2
(7.26)
the φ coeﬃcient becomes
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Cφ1 =
(p6
′ + pref )− (p2′ + pref )
(p1′ + pref )− (p2′+pref )+(p6′+pref )2
(7.27)
Cφ1 =
p6
′ − p2′
p1′ − p2′+p6′2
(7.28)
the coeﬃcient for total pressure becomes
Ctotal1 =
(p1
′ + pref )− ptotal
(p1′ + pref )− (p2′+pref )+(p6′+pref )2
(7.29)
Ctotal1 =
p1
′ − (ptotal − pref )
p1′ − p2′+p6′2
(7.30)
and the static pressure coeﬃcient becomes
Cstatic1 =
(p2′+pref)+(p6′+pref)
2 − pstatic
(p1′ + pref )− (p2′+pref )+(p6′+pref )2
(7.31)
Cstatic1 =
p2
′+p6′
2 − (pstatic − pref )
p1′ − p2′+p6′2
(7.32)
No change is seen in the pitch and roll coeﬃcients; however, the reference pressure is now in the total and
static coeﬃcient equations. During wind tunnel tests, the reference pressure is the tunnel test section static
pressure, and for static tests, the reference pressure is the ambient pressure. During calibration, the test
section static pressure is the same as the static pressure in the static coeﬃcient equations, or
pref = pstatic (7.33)
So the total and static coeﬃcient equations during calibration become
Ctotal1 =
p1
′ − q
p1′ − p2′+p6′2
(7.34)
Cstatic1 =
p2
′+p6′
2
p1′ − p2′+p6′2
(7.35)
where q is the dynamic pressure or
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(a) (b)
Figure 7.5: Photographs of the Aeroprobe 7-hole probe used during testing: (a) front view and (b) side view.
q = ptotal − pstatic (7.36)
The advantage of the 7-hole probe is that it can provide the local ﬂow angle, total pressure, and static
pressure at the same time. If only the total pressure or ﬂow speed was required, a pitot-static probe could
be used. However, there are a ﬂow angle restrictions on pitot-static probes that depends on the shape of the
probe. Two pitot-static probes were testing at varying ﬂow angles and their results and discussion can be
found in Appendix B.
7.2 Calibration
The purpose of calibrating the 7-hole probe is to determine the coeﬃcients discussed in Section 7.1 at known
angles of attack, sideslip angles, static pressures, and total pressures. Coeﬃcients from an unknown ﬂow
ﬁeld can then be compared to the these calibration coeﬃcients to determine the ﬂow direction, pressures,
and speed. Pictures of the front and side views of the probe used for this research is shown in Fig. 7.5.
The probe was manufactured by Aeroprobe and has a diameter of 0.125 in (3.2 mm). The tip has a 30 deg
conical shape with hole diameters of 0.020 in (0.51 mm). Calibration of the 7-hole probe was performed in
the UIUC Low-Speed Wind tunnel using the probe calibration rig designed by Diebold [59]. A picture of the
7-hole probe mounted to the calibration setup is shown in Fig. 7.6. The probe tip was 9.625 in (24.25 cm)
from the tunnel ﬂoor and 11.38 in (28.91 cm) from the square mounting plate. The rig was designed to keep
the center of the probe tip at the center of the tunnel while the probe was rotated. The 7-hole probe was
connected to seven MKS 220 1-torr pressure transducers. The freestream dynamic pressure was measured
by another MKS 220 1-torr pressure transducer.
During calibration, the probe would be rotated by the tunnel turntable and also be rotated along its
longitudinal axis using a manual rotation stage. The turntable provided the pitch angle θ and rotating
along the longitudinal axis provided the roll angle φ. These angles were deﬁned in Fig. 7.4. While a 7-hole
probe is capable of measuring ﬂow angles of 80 deg, the pitch angles during calibration were kept between
−56 deg and 56 deg. This reduced range was due to a limitation with the wind tunnel turntable, and at the
maximum calibration speed (40 ft/s), the pressure transducers were near their operational limits. Pressure
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Figure 7.6: Calibration setup for the 7-hole probe.
measurements were taken at every 2 deg within the pitch angle range. The roll angle was varied from 0 deg
to 175 deg by 5 deg increments, and these angle increments resulted in a total of 2052 calibration points
for every ﬂow speed. Four ﬂow speeds of 10, 20, 30, and 40 ft/s (3.05, 6.10, 9.14, and 12.2 m/s) were
tested in order to determine if there were any Reynolds number eﬀects. While the method of using these
coeﬃcients to determine ﬂow angles and pressures is generally velocity independent for incompressible ﬂows,
the Reynolds numbers at these speeds for the probe holes is low. For the ﬂow speeds of 10 ft/s, 20 ft/s,
30 ft/s, and 40 ft/s, the Reynolds numbers based on hole diameter are approximately 100, 200, 300, and
400, respectively. According to Barker [60] and Bryer et al. [52], the measurement of dynamic pressure as
q =
1
2
ρV 2 (7.37)
starts to not hold true when the Reynolds number of a total pressure probe hole is around 100. By calibrating
at all four speeds, any Reynolds number eﬀects will be taken into account.
An example of the measured pressures during calibration is shown in Fig. 7.7. In Fig. 7.7a, the ﬂow
speed was 40 ft/s while in Fig. 7.7b, the ﬂow speed was 10 ft/s. Notice that in both cases the pressures are
nearly symmetric; the diﬀerences are most likely due to the probe not being symmetric along its vertical
axis (Fig. 7.5a). The shape of the pressure curves from one ﬂow speed to the other are generally the same
with the 40 ft/s curves being smoother. The diﬀerence in smoothness is most likely from the fact that the
pressures measured during the 40 ft/s case are an order of magnitude greater than the 10 ft/s case, so any
small ﬂuctuations in pressure will be more noticeable in the 10 ft/s case.
As mentioned in the previous section, the hole with the maximum pressure deﬁned the sector and therefore
which coeﬃcients to use. Figures 7.8 and 7.9 show all the calibration points for each velocity and highlights
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Figure 7.7: 7-hole probe pressure data at a roll angle of 90 deg for two calibration velocities: (a) 40 ft/s and
(b) 10 ft/s.
which hole had the maximum pressure. Using these calibration maps, the sector boundaries were deﬁned
(Fig. 7.10) with each sector sharing a small overlap region with adjoining sectors. To clarify how the sectors
overlap, the boundaries of sectors 2 and 7 are highlighted in Fig. 7.11.
While using the pitch angle θ and the roll angle φ are very helpful during calibration, they can cause
diﬃculty when using the calibration data. The velocity components deﬁned from θ and φ emphasize the
problem with using these angles. From Fig. 7.4, the velocity components are found to be
u = V cos θ (7.38)
v = V sin θ sinφ (7.39)
w = V sin θ cosφ (7.40)
If θ is zero, then φ is indeterminate. In other words, φ could be any value and the resulting velocity
components would be the same. To remove this problem, it is best to use the angle of attack α and the
sideslip angle β. Both α and β are positive as shown in Fig. 7.4, and the velocity components are
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Figure 7.8: 7-hole probe φ vs θ calibration map. Hole with maximum pressure is shown. (a) 10 ft/s and
(b) 20 ft/s.
u = V cosα cosβ (7.41)
v = V sinβ (7.42)
w = V sinα cosβ (7.43)
Using the velocity components in both coordinate systems, the angle of attack and sideslip angle can be
found in terms of the pitch and roll angle.
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Figure 7.9: 7-hole probe φ vs θ calibration map. Hole with maximum pressure is shown. (a) 30 ft/s and
(b) 40 ft/s.
β = arcsin (sin θ sinφ) (7.44)
α = arcsin
(
sin θ cosφ
cosβ
)
(7.45)
Each calibration point was converted from the θ-φ system to the α-β system and the resulting calibration
map is shown in Fig. 7.12. This ﬁgure shows all the calibration points and shows the outlines of the sectors.
Figure 7.13 numbers all of the sectors and highlights sectors 2 and 7.
After each sector was deﬁned, the calibration coeﬃcients were calculated. In a similar fashion as Zil-
liac [57], the coeﬃcients for sector 5 are presented in Fig. 7.14. Each roll angle (φ) is represented by its
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Figure 7.10: 7-hole probe φ vs θ calibration map
with sectors outlined.
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Figure 7.11: 7-hole probe φ vs θ calibration map
with sectors 2 and 7 highlighted.
own symbol with the legend given in Fig. 7.14a. The dotted lines in Fig. 7.14b are lines of constant pitch
angle (θ). To illustrate the necessity of calibrating at the four ﬂow speeds, Fig. 7.15 shows the pitch and roll
coeﬃcients for sector 5 at these speeds. There is not much diﬀerence from 20 to 40 ft/s, but larger diﬀerences
are apparent at 10 ft/s. Plots of the calibration coeﬃcients for each sector and at each calibration velocity
are found in Appendix C.
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Figure 7.12: 7-hole probe α vs β calibration map
with sectors outlined.
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Figure 7.13: 7-hole probe α vs β calibration map
with sectors 2 and 7 highlighted.
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Figure 7.14: Calibration coeﬃcients for hole 5 at 40 ft/s: (a) roll angle legend, (b) pitch and roll coeﬃcients
(dotted lines are lines of constant pitch angle), (c) static pressure coeﬃcient, and (d) total pressure coeﬃcient.
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Figure 7.15: Pitch and roll calibration coeﬃcients for sector 5.
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7.3 Using the 7-Hole Probe
With calibration coeﬃcients at known ﬂow angles and speeds, an unknown ﬂow ﬁeld can now be determined
with the 7-hole probe. First the seven pressures from the probe are recorded. The hole with the largest
pressure determines the sector and therefore the coeﬃcients to use. For example, if hole one recorded the
largest pressure, then the equations for the coeﬃcients from sector one would be used and are shown in
Eqs. 7.46–7.49.
Cθ1 =
p1
′ − p7′
p1′ − p2′+p6′2
(7.46)
Cφ1 =
p6
′ − p2′
p1′ − p2′+p6′2
(7.47)
Ctotal1 =
p1
′ − (ptotal − pref )
p1′ − p2′+p6′2
(7.48)
Cstatic1 =
p2
′+p6′
2 − (pstatic − pref )
p1′ − p2′+p6′2
(7.49)
From the probe pressures, the pitch and roll coeﬃcients are calculated. These coeﬃcients from an unknown
ﬂow are now compared to the coeﬃcients from calibration to determine the angle of attack, sideslip angle,
total coeﬃcient, and static coeﬃcient. With keeping the example of using sector one, the calibration coef-
ﬁcients for sector one of all four of the calibration ﬂow speeds would be used, and four sets of an angle of
attack, a sideslip angle, a total coeﬃcient, and a static coeﬃcient would be found.
To determine the angles and coeﬃcients, the MATLAB function TriScatteredInterp was used. This
function creates a surface from the calibration data and uses Delaunay triangulation to interpolate results.
Deﬁne the known calibration data as
αxc = calibration angle of attack (7.50)
βxc = calibration sideslip angle (7.51)
Cθxc = calibration pitch coeﬃcient (7.52)
Cφxc = calibration roll coeﬃcient (7.53)
Ctotalxc = calibration total coeﬃcient (7.54)
Cstaticxc = calibration static coeﬃcient (7.55)
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where x is the sector number. Then the surfaces are deﬁned from the calibration data as
Fαx = TriScatteredInterp
(
Cθxc , Cφxc , αxc
)
(7.56)
Fβx = TriScatteredInterp
(
Cθxc , Cφxc , βxc
)
(7.57)
Ftotalx = TriScatteredInterp
(
Cθxc , Cφxc , Ctotalxc
)
(7.58)
Fstaticx = TriScatteredInterp
(
Cθxc , Cφxc , Cstaticxc
)
(7.59)
Now the calculated pitch and roll coeﬃcients from the unknown ﬂow are used with the surfaces to ﬁnd the
angle of attack, sideslip angle, total coeﬃcient, and static coeﬃcient of the unknown ﬂow (Eqs. 7.60–7.63).
αx = Fαx (Cθx , Cφx) (7.60)
βx = Fβx (Cθx , Cφx) (7.61)
Ctotalx = Ftotalx (Cθx , Cφx) (7.62)
Cstaticx = Fstaticx (Cθx , Cφx) (7.63)
With the total and static coeﬃcients found, the dynamic pressure and velocity can now be calculated.
First the total and static coeﬃcient equations are solved for ptotal and pstatic, respectively. Again using
sector one as an example, Eqs. 7.48 and 7.49 become
ptotal = pref + p1
′ − Ctotal1
(
p1
′ − p2
′ + p6′
2
)
(7.64)
pstatic = pref +
p2
′ + p6′
2
− Cstatic1
(
p1
′ − p2
′ + p6′
2
)
(7.65)
From Bernoulli’s equation, the dynamic pressure is the diﬀerence between the total and static pressures.
Substituting in Eqs. 7.64 and 7.65 results in
q = ptotal − pstatic (7.66)
q =
(
p1
′ − p2
′ + p6′
2
)
(1− Ctotal1 + Cstatic1) (7.67)
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The velocity is found from the deﬁnition of dynamic pressure.
V =
√
2q
ρ
(7.68)
The above method results in four solutions corresponding to the four sets of calibration coeﬃcients. To
determine which set to use as the ﬁnal result, the calculated velocity is used. While the four sets will provide
slightly diﬀerent results, there is usually only a few percent diﬀerence in the calculated velocities. If the
calculated velocity is close to one of the calibration ﬂow speeds (10, 20, 30, or 40 ft/s), then that ﬂow speed
calibration set is used. If the calculated velocity falls between two calibration ﬂow speeds, then the results
from the two calibration sets are averaged. With the ﬁnal solution decided, the velocity components are
calculated (Eqs. 7.41–7.43).
A set of 99 points of known velocity, α, and β were measured using the 7-hole probe to test the calibration
data. From these test points, the average diﬀerence in velocity was found to be less than 0.2 ft/s, the average
diﬀerence in α was less than 0.9 deg, and the average diﬀerence in β was less than 1.1 deg. The largest
diﬀerence between known values and those found with the 7-hole probe were usually when the velocity was
below 5 ft/s. Results for all 99 points are found in Appendix D.
7.4 7-Hole Probe Testing Rigs
Propeller slipstream measurements were performed in the UIUC Low-Speed Wing tunnel, and the experi-
mental setup is shown in Fig. 7.16. The motor was mounted to a horizontal support beam that was upstream
to motor and propeller. The center of the propeller hub was aligned with the center of the support beam.
While the support arm will aﬀect the oncoming ﬂow to the propeller, the slipstream was only measured in
the vertical plane so the eﬀect of the support arm will be minimal.
Downstream of the propeller mount, the 7-hole probe was attached to two Zaber T-LST450B motorized
linear slides. One slide moved the probe vertically while the other moved along the ﬂow direction. A vertical
slice of the propeller slipstream was taken at various points behind the propeller. The two Zaber slides were
mounted outside of the test section on the ceiling. Each slide had a range of 17.7 in (45 cm), which allowed
the slipstream to be measured three diameters downstream for 5-in propellers and 1.5 diameters downstream
for 9-in propellers. To keep the test section closed, the slides were sealed in a box and were therefore at the
same pressure as the tunnel. Each hole of the probe was attached to a MKS 220 pressure transducer where
the tunnel static pressure was used as the reference. During static tests, the tunnel side walls were opened in
order to keep the tunnel test section at atmospheric pressure. The MKS pressure transducer used for each
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Figure 7.16: Experimental setup to measure the slipstreams of propellers.
Figure 7.17: Experimental setup to measure the eﬀect of a ﬂat-plate wing on the slipstream of a propeller.
hole was the same as the one used during calibration. Using the same pressure transducers ensured that any
error in the transducer calibration slopes were taken into account in the 7-hole probe calibration data.
A second setup was used to measure the eﬀect of a ﬂat-plate wing on the static slipstream of a propeller
(Fig. 7.17. These tests were performed outside of the wind tunnel. The wing was placed behind the propeller
at two diﬀerent locations and several propellers were tested. The 7-hole probe was attached to the two Zaber
slides in order to gather several vertical slices of data along the span of the wing. One Zaber slides control
the vertical direction while the other moved in the direction perpendicular to the propeller slipstream. More
information on the wing and propellers tested is found in Section 8.3.
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Chapter 8
Propeller Slipstream Measurements
As stated in Sec. 7.4, vertical slices of the propeller slipstream were taken at diﬀerent locations downstream
from the propeller. Each vertical slice is representative of the shape of the full slipstream of an isolated pro-
peller. Results from slipstreams of propellers in both the static and advancing ﬂow conditions are presented
in this chapter. The eﬀect on the slipstream of a ﬂat-plate wing placed behind a propeller was also measured
during static conditions, and since the slipstream is no longer axisymmetric, multiple vertical slices of the
slipstream were taken.
8.1 Static Conditions
The slipstreams from a variety of propellers were taken during static conditions in order to determine their
general characteristics. Figure 8.1 shows the slipstream measurements in the axial direction of the GWS
5×4.3 propeller at 5,000 RPM at various points behind the propeller. The results shown in this ﬁgure are
a good representation of the general trends found in a static slipstream. As seen in the ﬁgure, beyond
x/D = 0.5, the slipstream starts to spread out as the maximum velocity in the slipstream starts to decrease
and move towards the center of the slipstream. The expansion of the slipstream looks fairly linear, and a
linear ﬁt through the outer most measured velocities gives an expansion angle of about 6.7 deg. Most of
the expansion angles of the other propellers fall between 6 and 8 deg. Swirl measurements from the same
propeller are shown in Fig. 8.2. Similar to the axial measurements, the maximum swirl value decreases as
the slipstream expands, but it is still measurable three diameters downstream.
To show the trends more clearly, Figs. 8.3a and 8.3b show the axial and swirl velocities, respectively,
of the slipstream of the GWS 5×4.3 at 5,000 RPM. The axial velocity is represented by u, and the swirl
velocity is represented by v. For these plots, the swirl velocity is taken to only be the tangential velocity.
As seen in Fig. 8.3a, the slipstream spreads out, and the maximum velocity moves towards the center. From
Fig. 8.3b, the swirl stays about the same until x/D = 1 where it lessens and spreads out. From the static
performance results shown in Fig. 5.18, no change is shown in the thrust coeﬃcient at rotational rates above
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5,000 RPM, and the power coeﬃcient shows very little change. From the discussion on the induced velocity
from momentum theory (Section 4.1), it was shown that the ratio of the induced velocity to the tip speed is a
function of the thrust coeﬃcient. For many of the propellers tested, an increase in the Reynolds number has
led to an increase in the thrust coeﬃcient. Therefore it is expected that the thrust coeﬃcient increase will
also increase the induced velocity ratio. While momentum theory ignored the eﬀects of swirl, the increase in
the induced velocity ratio from Eq. 4.16 should still be seen as an increase in the ratio of the axial velocity
to the tip speed.
Measurements were taken of the APC 4.2×2 propeller in order to show the Reynolds number eﬀects
on the slipstream. Figure 8.4 shows the axial and swirl velocities at 9,000 RPM. The pattern of the axial
and swirl velocities are similar to the GWS 5×4.3. Further away from the propeller, the maximum axial
velocity becomes less and moves towards the center. The swirl for the APC does not look the same as
the GWS propeller at x/D locations less than 1, but it does level oﬀ at 2 and 3 diameters. To show the
Reynolds number eﬀects, the propeller slipstream was also measured for the propeller at 12,000 RPM. The
faster rotational rate leads to a higher thrust and therefore a larger axial ﬂow as seen in Fig. 8.5. This
ﬁgure compares the slipstream velocities of the APC 4.2×2 propeller at 9,000 RPM and 12,000 RPM, and
at each downstream section, the velocities for the 12,000 RPM case are larger than the 9,000 RPM case.
The increase in the thrust also causes an increase in the induced power, so an increase in the swirl velocities
is also seen. While the magnitude of the velocities for the 12,000 RPM case are larger, the general shape of
the slipstream is the same between the two rotational rates.
From the static performance of this propeller (Fig. 5.1), an increase in the propeller rotational rate is
shown to increase the thrust coeﬃcient while the power coeﬃcient stays about the same. The increase in the
thrust coeﬃcient is attributed to the Reynolds number increase of the propeller. From Eq. 4.16, an increase
in the thrust coeﬃcient should increase the ratio of the axial velocity to the tip speed, and this result is
seen in Fig. 8.6. At each downstream location, the shape of the slipstream is about the same, but the axial
velocity ratio at 12,000 RPM is larger. For this propeller, the ratio of the swirl velocity to the tip speed also
seems to increase at the larger rotational rate. However, predicting the change in swirl velocities is harder
than the axial velocities. The power for the propeller is dependent on the induced power from the thrust
and the proﬁle power from the drag.
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Figure 8.1: Slipstream of the GWS 5×4.3 propeller during static conditions at 5,000 RPM.
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Figure 8.2: Swirl measurements of the GWS 5×4.3 at 5,000 RPM: (a) x/D = 0.5, (b) x/D = 1, and
(c) x/D = 3.
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Figure 8.3: Velocity measurements from the slipstream of the GWS 5×4.3 at 5,000 RPM: (a) axial velocity
and (b) swirl velocity.
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Figure 8.4: Velocity measurements from the slipstream of the APC 4.2×2 at 9,000 RPM: (a) axial velocity
and (b) swirl velocity.
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Figure 8.5: Velocity measurements from the slipstream of the APC 4.2×2 at 9,000 and 12,000 RPM: (a) axial
velocity and (b) swirl velocity.
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Figure 8.6: Velocity measurements from the slipstream of the APC 4.2×2 at 9,000 and 12,000 RPM: (a) u/VT
and (b) v/VT .
Two 9-in oﬀ-the-shelf propellers were tested to further show the eﬀect of Reynolds number on the slip-
stream. Measurements were taken for the APC 9×4 at 3,000 RPM and 5,000 RPM, and the axial ﬂow
measurements are shown in Fig. 8.7a. The increase in the thrust at 5,000 RPM is clearly seen as an increase
in the axial velocity. Figure 8.7b shows the axial velocity ratio for the propeller. Since this propeller had
an increase in the thrust coeﬃcient as the Reynolds number increased (Fig. 5.3), the axial velocity ratio is
larger for the 5,000 RPM. Results for the GWS 9×5 propeller at 3,000 and 5,000 RPM are shown in Fig. 8.7.
The larger thrust at 5,000 RPM is shown as an increase in the axial velocity, and the increase in the thrust
coeﬃcient is seen as an increase in the axial velocity ratio.
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Figure 8.7: Velocity measurements from the slipstream of the APC 9×4 at 3,000 and 5,000 RPM: (a) axial
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Figure 8.8: Velocity measurements from the slipstream of the GWS 9×5 at 3,000 and 5,000 RPM: (a) axial
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Figure 8.9: Velocity measurements from the slipstream of the DA4002 5-in propeller at 6,000 RPM: (a) axial
velocity and (b) swirl velocity.
For the 3D printed propellers, the trends in the static results are similar. Figure 8.9 shows the velocity
proﬁle of the 5-in DA4002 propeller at 6,000 RPM, and Fig. 8.10 shows the velocity proﬁles for the 9-in at
5,000 RPM. The general shape of the proﬁles is the same between the 5- and 9-in propellers; it is only the
magnitude of the velocities that are diﬀerent. Figure 8.11 show the velocity ratios for the two diameters at
similar Reynolds numbers. While the two propellers do not produce the same exact thrust, the axial velocity
ratio proﬁles are very similar. The comparison between the two propellers show that if the slipstream of a
propeller is known, then the slipstream of a scale version of the propeller can be estimated.
The 5-in DA4002 propeller was also tested at 7,500 RPM to show the Reynolds number eﬀects on the
slipstream. From the static performance results (Fig. 5.40), the thrust coeﬃcient increased with the Reynolds
number so it is expected that the axial velocity ratio will also increase. Figure 8.12 shows the slipstream
velocities for the 5-in DA4002 at 6,000 RPM and 7,500 RPM. Similar to the APC 4.2×2 propeller, the
higher rotational rate produces a higher thrust, which in turn produces a higher a higher induced ﬂow. The
velocity ratios are shown in Fig. 8.13 where the higher thrust coeﬃcient case (7,500 RPM) produces a larger
axial velocity ratio at each downstream location. For the swirl velocity ratio, the two cases look basically the
same. The comparison between the two rotational rates of the 9-in DA4002 is shown in Fig. 8.14. Again the
thrust coeﬃcient increase due to the Reynolds number increase (Fig. 5.40) is apparent in the axial velocity
ratio; the 5,000 RPM case has a larger axial velocity ratio than the 2,000 RPM case. Near the outer part
of the slipstream, the higher rotational rate case does not always have the larger velocity ratio. A possible
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Figure 8.10: Velocity measurements from the slipstream of the DA4002 9-in propeller at 5,000 RPM: (a) axial
velocity and (b) swirl velocity.
explanation of this diﬀerence is that the larger velocity produced by the higher rotational rate seems to keep
the slipstream from spreading out. The width of the slipstream is smaller for the higher rotational rate than
the lower at distances starting at one diameter downstream.
As mentioned in the Geometry chapter, the DA4002 and the DA4022 share the same twist distribution,
but the chord is larger for the DA4022. A comparison between the two 5-in propellers at 6,000 RPM is
shown in Fig. 8.15. From the static performance tests, the DA4002 produces a thrust of 1.3 oz and a torque
of 0.75 oz-in, and the DA4022 produces a thrust of 1.6 oz and a torque of 0.78 oz-in. The larger thrust of
the DA4022 is seen in the higher axial velocity of the DA4022. At the 0.5 and 1 diameter locations, the
DA4022 has a larger swirl, but by 3 diameters downstream, the swirl is about the same for both propellers.
Figure 8.16 shows a comparison between the DA4022 and the DA4052 at 4000 RPM. Both propellers have
about the same blade area, but the DA4022 produced a larger thrust and power. From the ﬁgure, the axial
velocity of the DA4022 is larger, and the swirl is larger for the 0.5 and 1 diameter locations. At 3 diameters
downstream, the swirl is about the same for both propellers.
The slipstream of the DA4052 was also measured for the propeller with diﬀerent pitch angles. Each
propeller was tested at the rotational speed to produce the same thrust. When comparing the DA4052 with
the −10 deg and −5 deg pitch oﬀset cases, the thrust was about 0.58 oz. When comparing the DA4052
with the 5 deg pitch oﬀset case, the thrust was about 1.7 oz. Figure 8.17 shows the comparison between the
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Figure 8.11: Velocity measurements from the slipstream of the 5- and 9-in DA4002 propellers: (a) u/VT and
(b) v/VT .
negative pitch oﬀset angles with the original, and Fig. 8.18 shows the comparison between the 5 deg oﬀset
angle with the original propeller. Since the propellers produce about the same static thrust, the velocity
proﬁles are very similar as expected.
Slipstream measurements of the NR640 were used to compare the velocities behind diﬀerent number of
blades. Figure. 8.19 shows the results of the 5-in propeller. All three propellers were tested at the same
rotational rate of 6,000 RPM. As the blade number increased, both the axial and swirl velocities increased.
These increases correspond to the thrust and power increases from the additional blades. As shown in the
ﬁgure, there is a large increase from 2 to 3 blades, but a smaller increase from 3 to 4 blades.
While the propellers tested had a variety of planform shapes, the general shape of the velocity proﬁles
are about the same. For the axial velocity at locations near the propeller, the maximum velocity is close
to the 75% blade station. The peak velocity moves to around 50% around x/D = 0.5 and 1. At x/D = 2,
the peak is around 25%, and by x/D = 3, the peak is nearly at the center of the propeller. For the swirl
velocity, the pattern is more varied between the propellers, but most have a large value of the swirl around
the 75% blade station and close to the propeller hub. By three diameters downstream, the swirl has basically
evened out. For a given propeller, if Reynolds number eﬀects were seen in the static thrust coeﬃcient, then
Reynolds number eﬀects were also seen in the axial velocity ratio. As the thrust coeﬃcient increased, the
axial velocity ratio increased. However, the amount of change in the axial velocity ratio was typically small.
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Figure 8.12: Velocity measurements from the slipstream of the 5-in DA4002 at 6,000 and 7,500 RPM:
(a) axial velocity and (b) swirl velocity.
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Figure 8.13: Velocity measurements from the slipstream of the 5-in DA4002 at 6,000 and 7,500 RPM:
(a) u/VT and (b) v/VT .
The slipstream results presented in this section showed that if the slipstream velocities were known for a
propeller at one rotation rate, the velocities at another rotational rate could be estimated by scaling the
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Figure 8.14: Velocity measurements from the slipstream of the 9-in DA4002 at 2,000 and 5,000 RPM:
(a) axial velocity and (b) u/VT .
velocities by the tip speed.
The modeling of a static slipstream is very useful when determining the propeller eﬀects on other parts of
the aircraft or on other aircraft downstream. One modeling technique is to consider the propeller slipstream
as a free turbulent jet. This method is used by Selig in his RC ﬂight simulator FS One [61]. From the results
shown in this section, a static slipstream expands similar to a jet, and by three diameters downstream, the
location of the maximum slipstream velocity is at the center line. With these similarities, a jet is very useful
to determine the eﬀects of the propeller on downstream lifting surfaces such as tails. Closer to the propeller,
the 7-hole measurements show that the location of the maximum velocity is not at the center line. A recent
semi-empirical slipstream model from Khan et al. [62] has the location of the maximum velocity not at the
center line. Their modeling of the decrease in maximum velocity with downstream location works well and
a comparison is shown in Table 8.1. The semi-empirical model would be useful to determine the eﬀects of
the propeller on objects close to the propeller. However, this method does not clearly model the movement
of the maximum velocity from near the tip to the propeller center.
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Figure 8.15: Velocity comparison of the DA4002 and DA4022 5-in propellers at 6,000 RPM: (a) axial velocity
and (b) swirl velocity.
Table 8.1: Maximum Slipstream Axial Velocity from Experiment and Model
x/D Experiment Model
Velocity (ft/s) Velocity (ft/s)
0.500 34.5 34.5
0.625 33.9 34.3
0.750 33.4 33.5
0.875 32.8 32.8
1.000 31.8 32.0
1.250 30.2 30.4
1.500 29.9 28.8
2.000 25.5 25.7
3.000 21.9 19.4
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Figure 8.16: Velocity comparison of the DA4022 and DA4052 5-in propellers at 4,000 RPM: (a) axial velocity
and (b) swirl velocity.
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Figure 8.17: Velocity comparison of the DA4052 5-in propeller at negative pitch oﬀset angles but at the
same thrust: (a) axial velocity and (b) swirl velocity.
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Figure 8.18: Velocity comparison of the DA4052 5-in propeller at a positive pitch oﬀset angle but at the
same thrust: (a) axial velocity and (b) swirl velocity.
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Figure 8.19: Velocity comparison of the NR640 5-in propeller at 6,000 RPM with diﬀerent number of blades:
(a) axial velocity and (b) swirl velocity.
346
8.2 Advancing Flow Conditions
Slipstreams measurements were taken for a variety of propellers in an advancing ﬂow. A typical advancing
ﬂow slipstream is shown in Fig. 8.20 for the GWS 5×4.3 propeller at 5,000 RPM and 18 ft/s (J = 0.52).
The vectors show the direction and magnitude of the measured velocity behind the propeller in the axial
direction. As shown in the ﬁgure, a slipstream in an advancing ﬂow is much diﬀerent than the static
slipstream (Fig. 8.1). Instead of expanding like the static slipstream, the advancing ﬂow slipstream seems
to not change much. The swirl measurements for the same case are shown in Fig. 8.21. The swirl velocities
do not spread out and stay fairly consistent at the diﬀerent points downstream.
Similar to the static slipstream discussion, Fig. 8.22 shows the axial and swirl velocities more clearly.
As seen in the ﬁgure, the slipstream width decreases shortly behind the propeller and the edge starts to
smooth out as the slipstream travels further downstream. The axial velocity at the center of the increases
as the slipstream moves downstream. The initial deﬁcit is due to the propeller hub and motor blocking the
ﬂow. The swirl proﬁle does not change much at the diﬀerent downstream locations. Taking the edge of
the slipstream to be where the total pressure diﬀerence between the slipstream and the freestream ﬂow to
be greater than 0.05 lb/ft2, the edge moves from y/R = 0.95 at x/D = 0.125 to y/R = 0.85 at the other
downstream locations. The slipstream contraction follows momentum theory, and an increase in the axial
velocity is also seen near inboard section.
The slipstream measurements of the 9-in DA4002 propeller at 5,000 RPM and 40 ft/s (J = 0.64) are
shown in Fig. 8.23. Similar to the GWS 5×4.3, the slipstream contracts downstream, and the axial velocity
increases downstream. Unlike the static slipstreams, the axial velocity proﬁles do not look the same between
two diﬀerent propellers. The GWS propeller has a more rounded proﬁle where the peak is around the 60%
blade station, but the DA4002 proﬁle is more linear and the axial velocity continuously increases from the
30% station until its max around 80%. The swirl velocity proﬁles are similar between the two propellers.
From the momentum theory discussion in Section 4.1, the ratio of the induced velocity to the freestream
velocity for a propeller at a constant advance ratio is a function of the thrust coeﬃcient. If the thrust
coeﬃcient increases with Reynolds number, then an increase in the induced velocity ratio is expected. To
show this increase, the slipstream of the 9-in DA4002 propeller was also measured at 2,000 RPM but at
the same advance ratio as the 5,000 RPM case (J = 0.64). From the advancing ﬂow performance results,
the thrust coeﬃcient (Fig. 6.93) was shown to increase when the rotational rate went from 2,000 RPM to
5,000 RPM. Figure 8.24 shows the comparison of the velocities between the 2,000 RPM and 5,000 RPM
measurements. In order to be at the same advance ratio, the freestream velocity had to increase, and the
velocity measurements are hard to compare. Figure 8.25 shows the same results but in terms of the velocity
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ratios. As expected, there is a small increase in the axial velocity ratio at 5,000 RPM. No signiﬁcant change
is seen in the swirl velocity ratio.
Slipstream measurements were taken of the DA4022 at an advance ratio or 0.58 at three rotational rates
in order to show the Reynolds number eﬀects. Velocity proﬁles at 6,000 RPM and 24 ft/s are shown in
Fig. 8.26. The general shapes of the axial proﬁle and the swirl proﬁle are very similar to the DA4002,
which makes sense since they are both rectangular blades with the same twist distribution but diﬀerent
chord lengths. The comparison between the axial slipstream velocities for the propeller at 4,000, 5,000, and
6,000 RPM is shown in Fig. 8.27. As seen in the ﬁgure, the axial velocity itself is hard to compare since
the freestream velocity is diﬀerent for each rotational rate. In terms of the axial velocity ratio, the case at
the largest Reynolds number (6,000 RPM) has the largest ratio value. The diﬀerence in magnitude of the
axial velocity ratios between the three rotational rates is small, but the diﬀerence does follow the expected
Reynolds number results.
The 5-in DA4022 was also tested at a constant rotational speed with changes in the freestream velocity
and thereby changing the advance ratio. Figure 8.28 shows the propeller at 6,000 RPM and at 16, 24, and
30 ft/s. These conditions correspond to advance ratios of 0.38, 0.58, and 0.72. As the advance ratio increases,
the diﬀerence between the axial velocity behind the propeller and the freestream velocity decreases, and the
magnitude of the swirl decreases. These decreases in the velocities directly show a decrease in the thrust and
power of the propeller. To better show the thrust decrease, the ratio of the axial velocity to the freestream
velocity is shown in Fig. 8.29. A larger thrust is produced at J = 0.38 and is shown as a larger axial velocity
ratio. Figures 8.28 and 8.29 show that the slipstream width is smaller for larger thrust values.
The slipstream velocities of the 5-in DA4052 were measured to compare its proﬁle shape to the other
propellers. Figure 8.30 shows the velocity proﬁles for the propeller at 7,000 RPM and 26 ft/s (J = 0.53). The
slipstream measurements of the DA4052 are similar to the other propellers in that the slipstream contracts
and the axial velocity increases downstream. The proﬁle shapes of the axial and swirl velocities are more
similar to the GWS 5×4.3 than the other DA propellers.
The ﬁnal propeller tested was the NR640. The velocity measurements for the 5-in propeller at 6000 RPM
and 20 ft/s (J = 0.48) are shown in Fig. 8.31. The axial velocity proﬁle is similar in shape to the DA4002 and
DA4022 in that the velocity increases in a fairly linear manner from about the 30% station to the maximum
near the slipstream at about 85%. Just as with the static slipstreams, the eﬀect of the number of blades was
measured with the NR640. Figure 8.32 shows the comparison between the 2-, 3-, and 4-blade propellers at
6000 RPM and 20 ft/s (J = 0.48). Similar to the static case, the axial and swirl velocities increase as the
number of blades increase.
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Figure 8.20: Slipstream of the GWS 5×4.3 propeller at 5,000 RPM and 18 ft/s (J = 0.52).
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Figure 8.21: Swirl measurements of the GWS 5×4.3 at 5,000 RPM and 18 ft/s (J = 0.52): (a) x/D = 0.5,
(b) x/D = 1, and (c) x/D = 3.
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Figure 8.22: Velocity measurements from the slipstream of the GWS 5×4.3 at 5,000 RPM and 18 ft/s
(J = 0.52): (a) axial velocity and (b) swirl velocity.
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Figure 8.23: Velocity measurements from the slipstream of the DA4002 9-in propellers at 5,000 RPM and
40 ft/s (J = 0.64): (a) axial velocity and (b) swirl velocity.
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Figure 8.24: Velocity measurements from the slipstream of the 9-in DA4002 at the same advance ratio
(J = 0.64) but at diﬀerent rotation rates: (a) axial velocity and (b) swirl velocity.
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Figure 8.25: Velocity measurements from the slipstream of the 9-in DA4002 at the same advance ratio
(J = 0.64) but at diﬀerent rotation rates: (a) u/Vinfty and (b) v/VT .
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Figure 8.26: Velocity measurements from the slipstream of the DA4022 5-in propeller at 6,000 RPM and
24 ft/s (J = 0.58): (a) axial velocity and (b) swirl velocity.
352
0.00 0.25 0.50 0.75 1.00 1.25 1.50
 0
10
20
30
40
u
 (ft
/s)
y/R
DA4022 5 in (2 blades)
x/D = 1, 4000 RPM, 16 ft/s
x/D = 1, 5000 RPM, 20 ft/s
x/D = 1, 6000 RPM, 24 ft/s
(a)
0.00 0.25 0.50 0.75 1.00 1.25 1.50
0.0
0.5
1.0
1.5
2.0
u
/ V
∞
y/R
DA4022 5 in (2 blades)
x/D = 1, 4000 RPM, 16 ft/s
x/D = 1, 5000 RPM, 20 ft/s
x/D = 1, 6000 RPM, 24 ft/s
(b)
Figure 8.27: Velocity comparison for the DA4022 5-in propeller at the same advance ratio (J = 0.58) but
at diﬀerent rotation rates: (a) axial velocity and (b) u/V∞.
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Figure 8.28: Velocity comparison for the DA4022 5-in propeller at 6,000 RPM at diﬀerent advance ratios:
(a) axial velocity and (b) swirl velocity.
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Figure 8.29: Velocity comparison for the DA4022 5-in propeller at 6,000 RPM at diﬀerent advance ratios:
(a) u/V∞ and (b) v/VT .
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Figure 8.30: Velocity measurements from the slipstream of the DA4052 5-in propeller at 7,000 RPM and
26 ft/s (J = 0.53): (a) axial velocity and (b) swirl velocity.
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Figure 8.31: Velocity measurements from the slipstream of the NR640 5-in propeller at 6,000 RPM and
20 ft/s (J = 0.48): (a) axial velocity and (b) swirl velocity.
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Figure 8.32: Velocity comparison of the NR640 5-in propeller at 6,000 RPM and 20 ft/s (J = 0.48) with
diﬀerent number of blades: (a) axial velocity and (b) swirl velocity.
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Unlike the static slipstreams, the advancing ﬂow slipstreams hold their shape and do not spread out. By
three diameters downstream, the edge of the advancing ﬂow slipstream does become less deﬁne and there
is not as much of a sudden change between the velocity in and out of the slipstream. Another diﬀerence
between the static and advancing ﬂow slipstreams is the proﬁle shape of the axial velocity. For the static
slipstreams, the axial velocity proﬁles generally had the same shape and only the magnitude diﬀered. For
the advancing ﬂow slipstreams, the axial velocity proﬁles are much more propeller dependent. The GWS
and DA4052 propellers had a more rounded proﬁle while the DA4002, DA4022, and NR640 had a mostly
linearly increasing proﬁle. However, the swirl velocity proﬁles for an advancing ﬂow were very similar in
shape for the entire propeller.
As discussed in Section 4.1, the total pressure measurements of the slipstream can be used to estimate
the thrust produced by the propeller. As was suggested in the literature [25, 26, 48, 49], the total pressure
measurements from the closest downstream location (x/D = 0.125) were used. Static slipstreams underesti-
mated the thrust due to the diﬃcultly in measuring the outer edge of the slipstream; the outer velocities were
either too small or at too large of an angle for the 7-hole probe could measure. Table 8.2 shows the thrust
calculated from the slipstream for a few of the propellers. The measured thrusts are from the advancing
ﬂow performance tests (Section 6.2). Results from the slipstream measurements are a good estimate to the
measured thrusts with diﬀerences around 15% and less. A main reason for the diﬀerence between the two
thrust values is that the total pressure behind the propeller is due to both the axial and swirl velocities.
Ideally the thrust should be measured from the diﬀerence in the static pressure behind the propeller and
ahead of it. The 7-hole probe provides the static pressure diﬀerence, but the static pressure ahead of the
propeller is not known. An estimate of the static pressure ahead of the propeller can be made by assuming
the axial velocity measured at the closest position downstream of the propeller is the same as the velocity
just ahead of the propeller. Momentum theory states that the velocity through the propeller is continuous
while there is a discontinuous pressure increase. From Bernoulli’s equation, the static pressure ahead of the
propeller can be found from the total pressure and the velocity at the propeller.
p1 = p0u −
1
2
ρV 21 (8.1)
Using the axial velocity behind propeller for V1, the static pressure was estimated, and the thrust was
calculated. Table 8.3 shows the thrust calculated using the slipstream total pressure diﬀerence and the
slipstream static pressure diﬀerence for the DA4002 propellers. It seems that the static pressure method
estimates a lower thrust, and in general using the total pressure provides a better estimate. By using a pitot
probe that is fairly insensitive to the ﬂow angle (such as the chamfered probe in Appendix B), the thrust
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Table 8.2: Load Cell and Slipstream Thrust Measurements
Propeller RPM Velocity Measured (oz) Slipstream (oz) Diﬀerence
5-in DA4002 6000 26 0.62 0.66 5.97%
2 blade 7500 34 1.01 0.89 12.0%
9-in DA4002 2000 16 0.59 0.52 12.6%
2 blade 5000 36 5.84 5.11 12.6%
9-in DA4022 2000 10 1.31 1.11 15.3%
2 blade 2000 14 0.87 0.74 15.2%
5-in NR640 6000 20 0.38 0.38 2.19%
2 blade 10000 34 1.36 1.22 10.5%
9-in NR640 3000 18 0.83 5.79 7.20%
2 blade 6000 36 4.98 4.52 9.39%
Table 8.3: Slipstream Thrust Measurements from Total and Static Pressures
Propeller RPM Velocity Thrust (oz) Thrust (oz)
[Total Pressure] [Static Pressure]
5-in DA4002 6000 26 0.66 0.61
2 blade 7500 34 0.89 0.77
9-in DA4002 2000 16 0.52 0.49
2 blade 5000 36 5.11 4.64
of a propeller can be estimated by the total pressure measurements behind the propeller. Total pressure
measurements should be taken as close to the propeller as possible for the best results as shown in Table 8.4
for the 5-in NR640 at 6,000 RPM and 20 ft/s. Further downstream, the thrust calculated from the total
pressure diﬀerence becomes smaller.
Besides providing an estimate to the total thrust of the propeller, the total pressure measurements can
also be used to ﬁnd the thrust loading of the propeller. Figure 8.33 shows the incremental thrust calculated
in the slipstream for the 9-in DA4002 and the 9-in NR640 propellers. The thrust from the slipstream has
been divided by the number of blades to provide the thrust loading along a single blade. Both propellers
show that the largest amount of thrust is produced near the propeller tips at around the 80% station. The
ﬁgure also shows that as more thrust is produced, the loading at the blade tip increases much more than
near the hub.
The slipstream results for the 9-in DA4002 were compared to induced ﬂow results from PROPID. As men-
tioned in the advancing ﬂow performance (Section 6.2.1), the PROPID simulation of the DA4002 propeller
agreed reasonably well. Figures 8.34–8.36 show the comparison between the experimental and PROPID
results at 5,000 RPM. The thrust and power coeﬃcients agree in the middle of the advance ratio range,
but PROPID under predicts at the low and high advance ratios. The eﬃciency curves match very well.
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Table 8.4: Slipstream Thrust Measurements for the 5-in NR640 at 6,000 RPM and 20 ft/s
x/D Thrust (oz)
0.125 0.38
0.500 0.33
1.000 0.33
2.000 0.30
3.000 0.30
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Figure 8.33: Thrust distribution along the blade for two 9-in propellers: (a) DA4002 and (b) NR640.
The Reynolds numbers along the blade for the 9-in propeller at 5,000 RPM were mostly above 40,000, but
at lower rotational rates or with a smaller diameter, the blade Reynolds numbers are lower. Without the
availability of accurate airfoil data at lower Reynolds numbers, the accuracy of a BEMT code will decrease.
Results from PROPID also include the axial and swirl induced velocities at the propeller disk. A compar-
ison between the slipstream velocities found from the 7-hole probe and PROPID is shown in Fig. 8.37. The
results for the axial velocities show that PROPID calculates a lower axial velocity for most of the propeller
blade, but the overall trend and values are close to the experimental results. The swirl velocities are very
similar between the two methods with PROPID predicting the increase in the swirl near the tip at an earlier
blade station. From these results, a BEMT code will provide reasonable predictions for small-scale propellers
if good airfoil data is available at the correct Reynolds numbers.
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Figure 8.34: Thrust coeﬃcient comparison between the experiment and PROPID for the 9-in DA4002 at
5,000 RPM.
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Figure 8.35: Power coeﬃcient comparison between the experiment and PROPID for the 9-in DA4002 at
5,000 RPM.
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Figure 8.36: Eﬃciency comparison between the experiment and PROPID for the 9-in DA4002 at 5,000 RPM.
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Figure 8.37: Velocity comparison between the experiment and PROPID for the 9-in DA4002 at 5,000 RPM
and 36 ft/s (J = 0.57): (a) axial velocity and (b) swirl velocity.
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8.3 Wing Eﬀect on Static Slipstream
In the previous sections, the slipstreams discussed were all of an isolated propeller. These slipsteams are
very useful for describing the ﬂow from a small rotorcraft such as a quadrotor or the ﬂow directly behind a
propeller before it interacts with a lifting surface of an aircraft such as a wing. When a propeller slipstream
encounters a surface like a wing, the rotational part of the slipstream will be impeded by the wing, and skin
friction from the wing will also aﬀect the motion of the propeller slipstream. The resulting propeller-wing
ﬂow will be diﬀerent than the ﬂow behind just a propeller.
To study the eﬀect of a wing on the propeller slipstream, a ﬂat-plate wing was placed behind a propeller
and tested during static conditions, which would represent a small aircraft in hover. Many small aircraft
have a large enough thrust-to-weight ratio that allows the aircraft to hover using only the thrust of the
propeller to counter the weight of the aircraft. During hover, the aircraft is orientated vertically and looks
to be “hanging” by the propeller, which is why this maneuver is sometimes called prop hanging. The control
surfaces of the wing and tail are used to control the aircraft, and they must rely on the ﬂow from the propeller
slipstream in order to generate any aerodynamic forces. Due to the wing-propeller interaction, the propeller
slipstream seen by tail will be diﬀerent than the slipstream seen by the wing.
The ﬂat-plate wing used in this study had a chord of 3.5 in, a thickness of 4.3%, and an aspect ratio
of 4. The wing was rapid prototyped using SLA, and more information can be found in Ref. [63]. Three
5-in propellers were tested with the ﬂat-plate wing. The GWS 5×4.3 and the 5-in NR640 with two blades
were tested with the leading edge of the wing positioned 0.5 diameters (2.5 in) behind the propeller. The
5-in DA4002 with two blades was tested with the wing at 0.5 diameters and at 0.125 diameters (0.625 in)
downstream. The eﬀect of the GWS 5×4.3 propeller on the performance of the wing has previous been
studied and can be found in Ref. [64]. For all of the wing-propeller slipstream measurements, the wing
was horizontal and set to an incidence angle of 0 deg with the leading edge aligned with the center of the
propeller. For the cases where the wing was located 0.5 diameters downstream, slipstream measurements
were taken at 1.5 and 2 diameters (7.5 and 10 in) behind the propeller. With respect to the wing, the
measurements were taken 1.5 and 4 in behind the trailing edge. For the case where the wing was located
0.125 diameters downstream, the slipstream was measured at 1, 1.5, and 2 diameters (5, 7.5, and 10 in)
behind the propeller or 4.125, 6.625, and 9.125 in from the tailing edge of the wing.
Figure 8.38 shows the velocity distribution of the GWS 5×4.3 with the wing. Measurements were taken
as a vertical slice through the slipstream at the center of the propeller just like the stand only propeller cases.
Positive y/R values are above the wing chord line. Slipstream measurements at both 1.5 and 2 diameters
downstream show that the axial and swirl velocities decrease in the presence of the wing. Moving vertically
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Figure 8.38: Slipstream measurements of the GWS 5×4.3 at 7,000 RPM with a ﬂat-plate wing at x/D = 0.5:
(a) axial velocity and (b) swirl velocity.
away from the wing, the axial and swirl velocities closely match the propeller-only case, but the axial velocity
looks to be shifted to the right (larger distances from the wing). In other words, the same axial velocity is
reached as the propeller only case but at a greater distance away from the wing. For the NR640 (Fig. 8.39),
the trends in the velocities are similar to the GWS propeller especially with the decrease in the swirl. The
axial velocity still shows a decrease near the wing as was the case with the GWS propeller, but the magnitude
of the axial velocity is smaller due to the lower thrust produced by NR640. The shift in the axial velocity
at larger distances from the wing is also present in the NR640 data.
For the DA4002 propeller, data was taken with the wing 0.625 diameters and 0.5 diameters behind the
propeller. Axial and swirl velocity measurements are presented for the propeller only case and the two
propeller-wing cases at each downstream location (1, 1.5, and 2 diameters). Figure 8.40 shows the velocity
measurements at the downstream location of 1 diameter. No data was taken for the case with the wing
0.5 diameters behind the propeller since the probe location at 5 in (1 diameter) behind the propeller was
not behind the trailing edge of the wing at 6 in behind the propeller. For the x/D = 1 data, a decrease in
axial and swirl velocities is seen near the wing for the propeller-wing case, and the velocities are very similar
for both cases further away from the wing. A small shift in the axial velocity is also shown. These trends
are the same as the 0.5 diameter wing case with the other two propellers. The velocity measurements at
1.5 diameters downstream are shown in Fig. 8.41. Similar to the other two propellers, the axial and swirl
velocities for the wing 0.5 diameters behind the propeller is lower than the propeller only case near the wing
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Figure 8.39: Slipstream measurements of the NR640 5-in propeller at 6,000 RPM with a ﬂat-plate wing at
x/D = 0.5: (a) axial velocity and (b) swirl velocity.
but increase further away from the wing, and the shift in the axial velocity is also present. For the wing
0.125 diameters behind the propeller, the decrease in axial velocity near the wing is similar but the shift at
distances further away from the wing is not present. The swirl velocity for the closer wing case stays lower
at all distances from the wing. At x/D = 2 (Fig. 8.42), the axial and swirl velocities for the closer wing
case are lower than the 0.5-diameter wing case and the propeller by itself. From the velocity measurements
shown in Figs. 8.38–8.42, it seems that in static conditions, a wing has the eﬀect of lowering the axial and
swirl velocities near the wing. As the wing is brought closer to the propeller, the reduction in the velocities
is increased.
In the previous propeller-wing discussion, all the velocity measurements that have been presented have
been taken at the propeller center line. Taking only one vertical slice of the slipstream is ﬁne when it is only
the propeller by itself since the slipstream should be axisymmetric. However, a propeller-wing slipstream will
no longer be axisymmetric. In order to have a more complete picture of how the wing changes the propeller
slipstream, velocity measurements were taken at more than one wingspan location at each downstream
location. Slipstream measurements at 1 diameter downstream are shown in Fig. 8.43 for the propeller only
case and in Fig. 8.44 for the wing at 0.125 diameters behind the propeller. The vectors show the swirl velocity,
and the contour shows the axial velocity in ft/s. The distances along the axes are nondimensionalized by
the propeller radius of 2.5 in. From the direction of the swirl vectors, the plot is a view of the plane looking
towards the propeller from downstream. As seen in the isolated propeller, the propeller slipstream is basically
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Figure 8.40: Slipstream measurements at x/D = 1 of the DA4002 5-in propeller at 6,000 RPM with a
ﬂat-plate wing: (a) axial velocity and (b) swirl velocity.
axisymmmetric. The axial and swirl velocities shown in Fig. 8.40 for the propeller only case are the same
as those at x/R = 0 shown in Fig. 8.43. For the wing case at 0.125 diameters (Fig. 8.44), the propeller
slipstream is no longer axisymmetric. From the velocity plot, it looks like the wing caused the upper and
lower parts of the slipstream to diverge.
Figures 8.45–8.47 shows the velocity measurements at 1.5 diameters downstream. Again the isolated
propeller (Fig. 8.45) case is basically axisymmetric while the wing cases has caused the slipstream to split.
The wing at 0.125 diameters (Fig. 8.46) has the upper and lower portions of the slipstream farther apart
than the wing at 0.5 diameters (Fig. 8.47). The splitting apart the slipstream not only moves the location of
the maximum axial velocities, but the maximum swirl velocities also seem to move away from the center line.
Measurements at 2 diameters downstream are shown in Figs. 8.48–8.50. At this location, the wing has caused
the upper and lower parts of the slipstreams to move even farther apart. Again the wing at 0.125 diameters
has the upper and lower portions more spread out than the case with the wing at 0.5 diameters.
While the wing cases had a deﬁnite eﬀect of lowering the axial and swirl velocities at the propeller center
line (Figs. 8.38–8.42), the full velocity plots in Figs. 8.43–8.50 show that wing did not lower the velocities
but instead shifted them away from the propeller center. By plotting the axial and swirl velocities of the
wing cases for a location not at the propeller center and comparing them to the isolated propeller case, it is
shown that the velocities are very similar. Figure 8.51 compares the velocities at 2 diameters downstream
of the isolated propeller case to the two wing cases. For the wing at 0.125 diameters, the velocities were
measured 2 in from the center, and for the wing at 0.5 diameters, the velocities were measured 1 in from the
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Figure 8.41: Slipstream measurements at x/D = 1.5 of the DA4002 5-in propeller at 6,000 RPM with a
ﬂat-plate wing: (a) axial velocity and (b) swirl velocity.
center. As seen in the ﬁgure, velocities for all three cases are very similar.
Several conclusion can be drawn from these velocity measurements. First, a wing behind a propeller splits
the propeller slipstream and causes both halves to move away from each other. While the wing separates the
upper and lower parts of the slipstream, it does not in fact lower the axial or swirl velocities. How far the
halves of the slipstream move away from each other is dependend on how close the wing is to the propeller.
A closer wing will cause the slipstream halves to separate more quickly. Knowing how the slipstream moves
away from the center would be important in design. Since the maximum swirl moves away from the center
in a static propeller-wing slipstream, a design could take advantage of this slipstream movement in the
placement of the vertical tail.
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Figure 8.42: Slipstream measurements at x/D = 2 of the DA4002 5-in propeller at 6,000 RPM with a
ﬂat-plate wing: (a) axial velocity and (b) swirl velocity.
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Figure 8.43: Slipstream measurements at 1 diameter downstream of the 5-in DA4002 propeller. Velocities
are in ft/s.
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Figure 8.44: Slipstream measurements at 1 diameter downstream of the 5-in DA4002 propeller with the
ﬂat-plate wing at 0.125 diameters behind the propeller. Velocities are in ft/s.
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Figure 8.45: Slipstream measurements at 1.5 diameters downstream of the 5-in DA4002 propeller. Velocities
are in ft/s.
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Figure 8.46: Slipstream measurements at 1.5 diameters downstream of the 5-in DA4002 propeller with the
ﬂat-plate wing at 0.125 diameters behind the propeller. Velocities are in ft/s.
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Figure 8.47: Slipstream measurements at 1.5 diameters downstream of the 5-in DA4002 propeller with the
ﬂat-plate wing at 0.5 diameters behind the propeller. Velocities are in ft/s.
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Figure 8.48: Slipstream measurements at 2 diameters downstream of the 5-in DA4002 propeller. Velocities
are in ft/s.
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Figure 8.49: Slipstream measurements at 2 diameters downstream of the 5-in DA4002 propeller with the
ﬂat-plate wing at 0.125 diameters behind the propeller. Velocities are in ft/s.
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Figure 8.50: Slipstream measurements at 2 diameters downstream of the 5-in DA4002 propeller with the
ﬂat-plate wing at 0.5 diameters behind the propeller. Velocities are in ft/s.
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Figure 8.51: Slipstream measurements at x/D = 2 of the DA4002 5-in propeller at 6,000 RPM with a
ﬂat-plate wing. Propeller-wing measurements are oﬀset in the span direction of the wing: (a) axial velocity
and (b) swirl velocity.
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Chapter 9
Conclusions
Performance data of small-scale propellers have successfully been measured in order to characterize the
eﬀects of diﬀerent Reynolds numbers. Using twenty-seven oﬀ-the-shelf propellers of diameters ranging from
2.25 in to 9 in, the main Reynolds number eﬀect has been conﬁrmed. As the Reynolds number increases,
either the thrust coeﬃcient increases, the power coeﬃcient decreases, or both. The change in the thrust and
power coeﬃcients are due to the increase in the sectional lift coeﬃcient and the decrease in the sectional
drag coeﬃcient with increasing Reynolds numbers, which are typical in this Reynolds number range. During
static conditions, an increase in the thrust coeﬃcient or a decrease in the power coeﬃcient improves the
hover ﬁgure of merit. For an advancing ﬂow, the thrust and power coeﬃcient improvements increased the
propeller eﬃciency. An increase of 10% was common when the Reynolds number was increased with even
larger eﬃciency increases possible. Even with an increase in the eﬃciency due to Reynolds number eﬀects,
the maximum eﬃciency of these propellers were much smaller than the 85% full-scale propellers can reach.
While the oﬀ-the-shelf propellers were useful in measuring the general Reynolds number trends, they
were limiting in the geometry available. To fully measure the Reynolds number eﬀects, propellers of the
same geometry but of diﬀerent scale were required. The APC propellers came close to this requirement, but
while the twist distribution was the same for propellers of diﬀerent scales, the c/R increased with decreasing
diameter. This increase in solidity with a decrease in diameter was very common with the oﬀ-the-shelf
propellers. To more fully test the Reynolds number eﬀects, new blades were designed and built
The four new blade planforms were manufactured using a 3D printer in 5-in and 9-in diameter sizes. The
two diﬀerent sizes were used to test a larger range of Reynolds number and to have an area of overlap in
the Reynolds number of the two sizes. A separate blade and hub system was designed to allow propellers of
diﬀerent pitch angle and number of blades to be tested by only requiring a new hub and additional blades.
Two of the new blade designs were simple rectangular blades with constant pitch. The diﬀerence between
the two planforms was their chord size. Another propeller was based on a full-scale propeller available in the
literature, and the ﬁnal propeller was created using inverse design. Each of the four new blade planforms
was tested in multiple conﬁgurations and in static and advancing ﬂow conditions. The major result from the
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performance testing of these propellers is that Reynolds number matching can predict the performance of
small-scale propellers. If the Reynolds number matched between the 5-in and 9-in versions of the propeller,
the performance results were very similar. From this result, the performance of a propeller can be estimated
from known results of the same propeller in a diﬀerent scale. Even though the thrust and power coeﬃcients
will be the same for the 5- and 9-in propellers when they are at the same Reynolds number, care must be
taken to remember that the forces will not be the same. The thrust between the two diameters will make,
but the disk loading will be 3.24 times greater for the 5-in propeller. The power will be 1.8 times greater for
the 5-in.
When compared to a BEMT code, performance results agreed fairly well if accurate airfoil data was
available. The 9-in propellers at lower rotational rates and the 5-in propellers at most of their rotational
rates had most of the blade sections at a Reynolds number or 40,000 or less. Without airfoil data in this
Reynolds number range, BEMT codes cannot predict the Reynolds number eﬀects of these propellers.
Calibration of a 7-hole probe in the range of velocities tested resulted in an average error of less than
0.2 ft/s in the measured velocity, 0.9 deg in α, and 1.1 deg in β. Most of the largest errors occurred in ﬂows
with velocities less than 5 ft/s. Results from the 7-hole calibration were used to measure the velocity proﬁles
of propeller slipstreams.
Both static and advancing ﬂow slipstreams were measured with each having their own trends. For the
static conditions, the slipstream expands with both the magnitudes of the axial and swirl velocity proﬁles
decreasing as the slipstream moves downstream. While a variety of propellers with diﬀerent planform shapes
were tested, the general shape of the axial velocity proﬁle was the same. The maximum axial velocity would
occur near the 75% blade station close to the propeller and moved towards the center as the slipstream
progressed downstream. Reynolds number eﬀects on the thrust coeﬃcient could be seen in the axial velocity
proﬁle. An increase in the thrust coeﬃcient will increase the ratio of the axial velocity to the tip speed.
Propellers of diﬀerent scales running at the same Reynolds number will have very similar slipstream velocity
ratios.
During advancing ﬂow conditions, the slipstream was seen to contract instead of expand. This contraction
happened fairly close to the propeller (less than 0.25 diameters). The edge of the slipstream would start
at the propeller tip and would move to close to the 90% blade station. Unlike the static slipstreams, the
shape of the axial velocity proﬁle for each propeller was dependent on the planform of the propeller. The
rectangular blades had velocity proﬁles that increased towards the propeller tip while others such as the GWS
and DA4052 propellers had more rounded proﬁles. Reynolds number eﬀects on the thrust coeﬃcient could
be seen in the advancing ﬂow slipstreams as an increase in the ratio of the axial velocity to the freestream
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velocity. Similar to the static slipstreams, if the 5- and 9-in propellers were at the same advance ratio and
Reynolds number, the slipstream velocities were nearly the same.
Finally the eﬀect of a ﬂat-plate wing on a propeller slipstream was measured. During static conditions, a
ﬂat plate behind the propeller has the eﬀect of splitting the slipstream. The magnitudes of the velocities are
about the same between a slipstream of an isolated propeller and a slipstream between the propeller-wing,
but the maximum values are moved away from the centerline.
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Chapter 10
Recommendations for Future Work
The work presented in this dissertation provided some interesting results and should be continued. A
few recommendations for future work are listed below. The ﬁrst three recommendations are on improving
future testing, and the rest of the recommendations are on ideas to expand this work and relate it to other
applications.
1. The use of the 3D printed propellers in this research was very beneﬁcial. Propellers of the same
geometry but of diﬀerent scales were built and allowed a large range of Reynolds numbers to be tested.
Nevertheless, there were some major drawbacks of these propellers, and they should be addressed if
similar research is performed. The separate hub-blade system allowed for fewer manufactured parts
for the number of conﬁgurations tested, but it added a level of uncertainty in the pitch angle. A pitch
angle rig should be built that would make sure the blades were at the correct angle before testing.
The way the blades were attached to the hub also created an area of high stress concentration that
was the location of blade failure. This hub-blade attachment area needs to be redesigned. It might
be best to create the propellers as one piece for added strength and look for other materials to make
these propellers.
2. Another area of improvement is on the material properties of the propeller blades. The material
used with the 3D printer required fairly thick airfoils in order to minimize any bending and twisting
during operation. Either a 3D printer that uses stiﬀer material or a diﬀerent manufacturing method
all together needs to be implemented if propellers with thinner airfoils are to be tested.
PropScanner results showed that the 3D printed propellers did not twist to any large degree
during normal testing conditions. If similar materials were to be used for future testing, it would
be useful to include aeroelastic eﬀects. The DA4002 was modeled in a CAD program in order to
simulate the bending measured during testing. Using material properties from the manufacturer and
aerodynamic forces from PROPID, the displacement from the CAD software was about four times
larger than experimentally measured results. Even after greatly altering the material properties to
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strengthen the blade, the displacement was still much larger. To model the aeroelastic eﬀects, better
material properties are needed, and a more sophisticated structural analysis software is required.
3. From the 7-hole probe, a time-averaged three-dimensional velocity proﬁle of the ﬂow behind a propeller
was measured. However, the ﬂow behind a propeller is not steady, and the 7-hole probe could not
measure this unsteadiness. One method to measure the instantaneous ﬂow is to use particle image
velocimetry (PIV). A downside of PIV is that pressure would not be directly measured, but multiple
locations could be measured at the same time. Another method to measure the instantaneous ﬂow that
could use the current experimental setup is to use a fast response multi-hole probe. These probes are
available in a 7-hole conﬁguration and therefore can provide the instantaneous local pressure, velocity,
and ﬂow angle. Fast response 7-hole probes manufactured by Aeroprobe have a frequency response
up to 4.5 kHz. Knowing unsteady characteristics of the ﬂow behind a propeller can be important in
determining the response of an aircraft ﬂying in or crossing the slipstream. The light-weight nature of
small UAVs and MAVs lead to their increased response to ﬂow ﬂuctuations.
4. With an experimental setup in place to measure the performance and slipstream characteristics of small
propellers, the tests can be expanded to include diﬀerent propeller conﬁgurations. One conﬁguration
of interest is tandem contra-rotating propellers. For a hovering aircraft, contra-rotating propellers or
rotors remove the need of having a separate rotor or aerodynamic surface to counter the torque of
the thrusting rotor. Studying the structure of the slipstream behind contra-rotating propellers and its
interaction with lifting surfaces would be interesting.
Another propeller conﬁguration is the multirotor such as a quadcopter. It would be interesting
to see how propellers within close proximity will aﬀect an individual propeller performance and how
the slipstreams from each propeller inﬂuence each other. An added complexity would be looking at
the eﬀect of the direction of rotation of propellers in close proximity (same direction versus counter-
rotating)
5. The slipstreams of a few propeller-wing interactions have been measured during static conditions, but
more conﬁgurations can be tested. Tests can be performed to study the eﬀect of wing location, chord
length, and aspect ratio. Measuring the interaction between the wing-tip vortices and the propeller
slipstream would also be of interest. With these tests, it would be important to relate the slipstream
measurements back to the performance changes of the wing and propeller.
6. All of the propeller performance tests and slipstream measurements for this work were done outside
of ground eﬀect. However, ground eﬀect can have a signiﬁcant role in changing the performance of a
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propeller and behavior of a slipstream. Besides just measuring the eﬀect of the ground on an isolated
propeller, it would be important to measure a propeller-wing system near the ground. Measurements
in this area could be applied to understanding the ground eﬀect on tilt-rotors such as the V-22.
7. The area of interest for the research presented in this dissertation was on propellers. Another related
area is that of the slipstream of wind turbines. Where the ﬂow in the slipstream of a propeller is
accelerated to create thrust, wind turbines extract energy from the oncoming ﬂow and the velocity
in the slipstream in slowed. Measuring the expansion of the slipstream of a wind turbine can help in
determining a good spacing between turbines to reduce interference.
8. Finally, the small propellers tested in this research are used to provide the thrust needed for small
UAVs and MAVs. Many of these small aircraft are being designed to ﬂy in swarms, and these aircraft
will be aﬀected by the slipstreams of the aircraft near them. The results from this research can be
applied in determining the eﬀect of slipstreams on the control of these aircraft and also be applied in
determining guidelines in determining the necessary spacing between the aircraft. It would also be
interesting to compare results from the eﬀects of propeller slipstreams on aircraft swarms to the wakes
of animals (birds and insects while ﬂying and ﬁsh while swimming) in natural swarms.
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Appendix A
Airfoil Coordinates
Airfoil coordinates for the three airfoils designed for the 3D printed propellers are provided in this appendix.
Figure A.1: Propeller airfoil SDA1045.
Figure A.2: Propeller airfoil SDA1075.
Figure A.3: Propeller airfoil SDA1100.
377
Table A.1: SDA1045 Coordinates
x/c y/c x/c y/c
1.000070 0.002873 0.000286 −0.001933
0.996513 0.003274 0.004737 −0.007900
0.986303 0.004659 0.015121 −0.014214
0.970118 0.006938 0.030392 −0.020215
0.948330 0.009944 0.050469 −0.025633
0.921215 0.013609 0.075197 −0.030334
0.889158 0.018020 0.104397 −0.034211
0.852698 0.023151 0.137836 −0.037224
0.812409 0.028921 0.175231 −0.039349
0.768902 0.035210 0.216249 −0.040604
0.722815 0.041851 0.260503 −0.041020
0.674815 0.048625 0.307565 −0.040655
0.625484 0.055198 0.356962 −0.039581
0.575326 0.061337 0.408182 −0.037887
0.524859 0.066841 0.460684 −0.035673
0.474592 0.071531 0.513900 −0.033051
0.425015 0.075227 0.567248 −0.030145
0.376590 0.077790 0.620100 −0.027119
0.329754 0.079095 0.671787 −0.024087
0.284903 0.079060 0.721652 −0.021131
0.242412 0.077625 0.769059 −0.018321
0.202604 0.074778 0.813395 −0.015705
0.165777 0.070531 0.854082 −0.013315
0.132169 0.064953 0.890581 −0.011162
0.102002 0.058163 0.922400 −0.009240
0.075442 0.050321 0.949090 −0.007508
0.052653 0.041670 0.970384 −0.005805
0.033778 0.032467 0.986225 −0.004219
0.018955 0.023025 0.996352 −0.003158
0.008278 0.013710 0.999923 −0.002872
0.001884 0.005012
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Table A.2: SDA1075 Coordinates
x/c y/c x/c y/c
1.000137 0.005557 0.000280 −0.001921
0.996593 0.005916 0.004701 −0.007905
0.986424 0.007201 0.015056 −0.014217
0.970307 0.009369 0.030301 −0.020208
0.948605 0.012241 0.050355 −0.025609
0.921585 0.015743 0.075069 −0.030290
0.889621 0.019963 0.104265 −0.034146
0.853243 0.024878 0.137711 −0.037140
0.813012 0.030409 0.175126 −0.039253
0.769531 0.036448 0.216177 −0.040503
0.723430 0.042837 0.260479 −0.040926
0.675369 0.049377 0.307602 −0.040585
0.625945 0.055764 0.357073 −0.039554
0.575694 0.061768 0.408381 −0.037928
0.525145 0.067169 0.460985 −0.035812
0.474806 0.071778 0.514304 −0.033341
0.425168 0.075411 0.567727 −0.030638
0.376692 0.077929 0.620617 −0.027832
0.329814 0.079200 0.672308 −0.025029
0.284932 0.079143 0.722150 −0.022300
0.242417 0.077694 0.769510 −0.019711
0.202594 0.074839 0.813783 −0.017302
0.165758 0.070588 0.854396 −0.015105
0.132147 0.065010 0.890816 −0.013128
0.101982 0.058221 0.922559 −0.011366
0.075425 0.050381 0.949178 −0.009777
0.052643 0.041731 0.970411 −0.008207
0.033775 0.032527 0.986204 −0.006742
0.018960 0.023081 0.996295 −0.005793
0.008287 0.013758 0.999851 −0.005553
0.001894 0.005047
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Table A.3: SDA1100 Coordinates
x/c y/c x/c y/c
1.000560 0.023438 0.000340 −0.002210
0.997176 0.023296 0.004895 −0.008428
0.987335 0.023394 0.015242 −0.014980
0.971591 0.024273 0.030432 −0.021172
0.950250 0.025737 0.050398 −0.026752
0.923550 0.027790 0.075000 −0.031600
0.891891 0.030470 0.104069 −0.035622
0.855748 0.033756 0.137381 −0.038791
0.815637 0.037595 0.174659 −0.041092
0.772117 0.041913 0.215573 −0.042554
0.725782 0.046610 0.259744 −0.043220
0.677260 0.051562 0.306745 −0.043157
0.627196 0.056606 0.356104 −0.042445
0.576247 0.061546 0.407313 −0.041185
0.525001 0.066102 0.459831 −0.039483
0.473983 0.070072 0.513086 −0.037462
0.423703 0.073265 0.566488 −0.035252
0.374641 0.075528 0.619404 −0.033012
0.327253 0.076718 0.671164 −0.030854
0.281953 0.076738 0.721110 −0.028861
0.239131 0.075504 0.768602 −0.027101
0.199125 0.072979 0.813026 −0.025615
0.162245 0.069148 0.853802 −0.024436
0.128746 0.064047 0.890388 −0.023569
0.098854 0.057737 0.922293 −0.023005
0.072735 0.050335 0.949072 −0.022707
0.050524 0.041973 0.970376 −0.022572
0.032250 0.032866 0.986071 −0.022580
0.017968 0.023382 0.995899 −0.023006
0.007743 0.013912 0.999280 −0.023331
0.001686 0.004982
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Appendix B
Yaw Sensitivity of Pitot Probes
Two pitot-static probes were tested at varying ﬂow angles in order to test their sensitivity with respect to
the total pressure measurement and the ﬂow speed. The ﬁrst probe had a round (hemisperical) tip and is
shown in Fig. B.1. The probe had a diameter of 0.188 in with a tip hole diameter of 0.071 in. Four static
pressure holes with a diameter of 0.025 in were located 0.75 in behind the tip. The second pitot-static probe
had a chamfered tip and is shown in Fig. B.2. A schematic of the chamfered tip geometry is given in Fig. B.3.
The diameter of the probe was 0.125 in, and the tip hole diameter was 0.016 in with a 30 deg angle. Four
static pressure holes with a diameter of 0.031 in were located 0.69 in from the tip.
(a) (b)
Figure B.1: Pitot-static probe with a round tip: (a) view of the side and (b) view of the tip.
(a) (b)
Figure B.2: Pitot-static probe with a chamfered tip: (a) view of the side and (b) view of the tip.
0.016 in
0.125 in
30 deg
Figure B.3: Schematic of the tip of the chamfered pitot-static probe.
381
−60 −40 −20  0  20  40  60
−0.2
 0.0
 0.2
 0.4
 0.6
 0.8
 1.0
Yaw Angle (deg)
(P
0 
−
 
P 0
,y
aw
)/q
Round Pitot−Static Probe
10 ft/s
20 ft/s
30 ft/s
40 ft/s
(a)
−60 −40 −20  0  20  40  60
 0
10
20
30
40
50
Yaw Angle (deg)
M
ea
su
re
d 
Ve
lo
cit
y 
(ft/
s)
Round Pitot−Static Probe
 0 deg
45 deg
(b)
Figure B.4: Pitot-static probe with a round tip at diﬀerent ﬂow angles: (a) total pressure measurement and
(b) velocity measurement.
Both pitot-static probes were mounted to the wind tunnel turntable and rotated from −56 to 56 deg
by 2 deg increments at four test section speeds (10, 20, 30, and 40 ft/s). The results for the round pitot-
static probe are shown in Fig. B.4. Chue [65] deﬁned a critical angle as the ﬂow angle where the error in
the measured total pressure is 1% of the freestream dynamic pressure (q = 1/2ρV 2). As seen in the total
pressure measurement plot (Fig. B.4a), the critical angle for the round pitot-static probe is about 8 deg for
all four freestream velocities. The total pressure results for the round pitot-static are similar to the results
shown and discussed by previous researchers [35, 65, 66]. For the velocity measurement plot (Fig. B.4b), the
0 deg case represents the probe orientation where two of the static pressure holes are vertical and two are
horizontal; the static pressure holes form a “+” when viewed from the front of the probe. The 45 deg case
has the probe rotated 45 deg from the 0 deg case so that the static pressure holes form an “x” when viewed
from the front. As seen in the velocity measurement plot, the 0 deg and 45 deg orientations start to diverge
at angles greater than 20 deg. The critical angle for the velocity measurement case was deﬁned as the ﬂow
angle when the diﬀerence in the measured ﬂow velocity was greater than 1% of the true freestream velocity.
For the round pitot-static probe, this critical angle was about 20 deg.
Figure B.5 shows the results for chamfered pitot-static probe at varying ﬂow angles. For the total pressure
measurement, the critical angle is about 18 deg for test section speeds of 20, 30, and 40 ft/s. For the 10 ft/s
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Figure B.5: Pitot-static probe with a chamfered tip at diﬀerent ﬂow angles: (a) total pressure measurement
and (b) velocity measurement.
case, the results do not match the other three test section speeds. This diﬀerence is due to fact that the
Reynolds number for total pressure hole is only around 80 at a ﬂow speed of 10 ft/s, and as mentioned in
Section 7.2, the measurement of the total pressure starts to break down at probe Reynolds numbers below
100. The results of the measured velocity from the chamfered pitot-static probe are shown in Fig. B.5b, and
they show that the critical angle is about 6 deg.
To better highlight the diﬀerences between the two probes, Fig. B.6 plots the results of both probes
together. For measuring the total pressure, the chamfered probe provides a good result for ﬂow angles less
than 20 deg. If the local static pressure is also known, then the ﬂow speed could also be calculated by using
Bernoulli’s equation. For measuring the ﬂow speed, the round probe provides good results for ﬂow angles
less than 20 deg. The results of these pitot-static probe measurements show that the local total pressure or
local ﬂow speed can be measured accurately from a pitot-static probe if the ﬂow angle is less than 20 deg.
For the measurement of propeller slipstreams, the ﬂow angles can easily surpase 20 deg especially near the
edge of the slipstream. Of course while the total pressure or the ﬂow speed might be found with a pitot-static
probe, the ﬂow angle, and therefore the velocity components, would still be unknown.
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Figure B.6: Comparison of pitot-static probes at diﬀerent ﬂow angles: (a) total pressure measurement at
40 ft/s and (b) velocity measurements for the 0 deg orientation at 20, 30, and 40 ft/s.
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Appendix C
7-Hole Probe Calibration Data
The 7-hole probe was calibrated at four velocities (10 ft/s, 20 ft/s, 30 ft/s, and 40 ft/s) from a cone angle
of −56 to 56 deg by 2 deg steps and at a roll angle from 0 to 175 deg by 5 deg steps. Section C.1 shows
the measured pressure of all seven holes with respect to the tunnel static pressure and also shows the tunnel
dynamic pressure. Section C.2 shows the calibration coeﬃcients for each sector at each calibration velocity.
C.1 7-Hole Probe Pressure Measurements
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Figure C.1: Pressure data at 10 ft/s and a roll
angle of 0 deg.
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Figure C.2: Pressure data at 10 ft/s and a roll
angle of 5 deg.
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Figure C.3: Pressure data at 10 ft/s and a roll
angle of 10 deg.
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Figure C.4: Pressure data at 10 ft/s and a roll
angle of 15 deg.
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Figure C.5: Pressure data at 10 ft/s and a roll
angle of 20 deg.
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Figure C.6: Pressure data at 10 ft/s and a roll
angle of 25 deg.
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Figure C.7: Pressure data at 10 ft/s and a roll
angle of 30 deg.
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Figure C.8: Pressure data at 10 ft/s and a roll
angle of 35 deg.
−60 −40 −20  0  20  40  60
−0.18
−0.15
−0.12
−0.09
−0.06
−0.03
 0.00
 0.03
 0.06
 0.09
 0.12
 0.15
θ (deg)
pr
es
su
re
 (lb
/ft2
)
Vel = 10 ft/s, φ = 40 deg
Hole 1
Hole 2
Hole 3
Hole 4
Hole 5
Hole 6
Hole 7
q
∞
Figure C.9: Pressure data at 10 ft/s and a roll
angle of 40 deg.
−60 −40 −20  0  20  40  60
−0.18
−0.15
−0.12
−0.09
−0.06
−0.03
 0.00
 0.03
 0.06
 0.09
 0.12
 0.15
θ (deg)
pr
es
su
re
 (lb
/ft2
)
Vel = 10 ft/s, φ = 45 deg
Hole 1
Hole 2
Hole 3
Hole 4
Hole 5
Hole 6
Hole 7
q
∞
Figure C.10: Pressure data at 10 ft/s and a roll
angle of 45 deg.
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Figure C.11: Pressure data at 10 ft/s and a roll
angle of 50 deg.
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Figure C.12: Pressure data at 10 ft/s and a roll
angle of 55 deg.
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Figure C.13: Pressure data at 10 ft/s and a roll
angle of 60 deg.
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Figure C.14: Pressure data at 10 ft/s and a roll
angle of 65 deg.
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Figure C.15: Pressure data at 10 ft/s and a roll
angle of 70 deg.
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Figure C.16: Pressure data at 10 ft/s and a roll
angle of 75 deg.
−60 −40 −20  0  20  40  60
−0.18
−0.15
−0.12
−0.09
−0.06
−0.03
 0.00
 0.03
 0.06
 0.09
 0.12
 0.15
θ (deg)
pr
es
su
re
 (lb
/ft2
)
Vel = 10 ft/s, φ = 80 deg
Hole 1
Hole 2
Hole 3
Hole 4
Hole 5
Hole 6
Hole 7
q
∞
Figure C.17: Pressure data at 10 ft/s and a roll
angle of 80 deg.
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Figure C.18: Pressure data at 10 ft/s and a roll
angle of 85 deg.
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Figure C.19: Pressure data at 10 ft/s and a roll
angle of 90 deg.
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Figure C.20: Pressure data at 10 ft/s and a roll
angle of 95 deg.
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Figure C.21: Pressure data at 10 ft/s and a roll
angle of 100 deg.
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Figure C.22: Pressure data at 10 ft/s and a roll
angle of 105 deg.
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Figure C.23: Pressure data at 10 ft/s and a roll
angle of 110 deg.
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Figure C.24: Pressure data at 10 ft/s and a roll
angle of 115 deg.
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Figure C.25: Pressure data at 10 ft/s and a roll
angle of 120 deg.
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Figure C.26: Pressure data at 10 ft/s and a roll
angle of 125 deg.
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Figure C.27: Pressure data at 10 ft/s and a roll
angle of 130 deg.
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Figure C.28: Pressure data at 10 ft/s and a roll
angle of 135 deg.
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Figure C.29: Pressure data at 10 ft/s and a roll
angle of 140 deg.
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Figure C.30: Pressure data at 10 ft/s and a roll
angle of 145 deg.
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Figure C.31: Pressure data at 10 ft/s and a roll
angle of 150 deg.
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Figure C.32: Pressure data at 10 ft/s and a roll
angle of 155 deg.
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Figure C.33: Pressure data at 10 ft/s and a roll
angle of 160 deg.
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Figure C.34: Pressure data at 10 ft/s and a roll
angle of 165 deg.
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Figure C.35: Pressure data at 10 ft/s and a roll
angle of 170 deg.
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Figure C.36: Pressure data at 10 ft/s and a roll
angle of 175 deg.
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Figure C.37: Pressure data at 20 ft/s and a roll
angle of 0 deg.
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Figure C.38: Pressure data at 20 ft/s and a roll
angle of 5 deg.
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Figure C.39: Pressure data at 20 ft/s and a roll
angle of 10 deg.
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Figure C.40: Pressure data at 20 ft/s and a roll
angle of 15 deg.
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Figure C.41: Pressure data at 20 ft/s and a roll
angle of 20 deg.
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Figure C.42: Pressure data at 20 ft/s and a roll
angle of 25 deg.
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Figure C.43: Pressure data at 20 ft/s and a roll
angle of 30 deg.
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Figure C.44: Pressure data at 20 ft/s and a roll
angle of 35 deg.
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Figure C.45: Pressure data at 20 ft/s and a roll
angle of 40 deg.
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Figure C.46: Pressure data at 20 ft/s and a roll
angle of 45 deg.
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Figure C.47: Pressure data at 20 ft/s and a roll
angle of 50 deg.
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Figure C.48: Pressure data at 20 ft/s and a roll
angle of 55 deg.
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Figure C.49: Pressure data at 20 ft/s and a roll
angle of 60 deg.
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Figure C.50: Pressure data at 20 ft/s and a roll
angle of 65 deg.
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Figure C.51: Pressure data at 20 ft/s and a roll
angle of 70 deg.
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Figure C.52: Pressure data at 20 ft/s and a roll
angle of 75 deg.
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Figure C.53: Pressure data at 20 ft/s and a roll
angle of 80 deg.
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Figure C.54: Pressure data at 20 ft/s and a roll
angle of 85 deg.
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Figure C.55: Pressure data at 20 ft/s and a roll
angle of 90 deg.
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Figure C.56: Pressure data at 20 ft/s and a roll
angle of 95 deg.
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Figure C.57: Pressure data at 20 ft/s and a roll
angle of 100 deg.
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Figure C.58: Pressure data at 20 ft/s and a roll
angle of 105 deg.
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Figure C.59: Pressure data at 20 ft/s and a roll
angle of 110 deg.
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Figure C.60: Pressure data at 20 ft/s and a roll
angle of 115 deg.
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Figure C.61: Pressure data at 20 ft/s and a roll
angle of 120 deg.
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Figure C.62: Pressure data at 20 ft/s and a roll
angle of 125 deg.
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Figure C.63: Pressure data at 20 ft/s and a roll
angle of 130 deg.
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Figure C.64: Pressure data at 20 ft/s and a roll
angle of 135 deg.
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Figure C.65: Pressure data at 20 ft/s and a roll
angle of 140 deg.
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Figure C.66: Pressure data at 20 ft/s and a roll
angle of 145 deg.
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Figure C.67: Pressure data at 20 ft/s and a roll
angle of 150 deg.
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Figure C.68: Pressure data at 20 ft/s and a roll
angle of 155 deg.
−60 −40 −20  0  20  40  60
−0.8
−0.6
−0.4
−0.2
 0.0
 0.2
 0.4
 0.6
θ (deg)
pr
es
su
re
 (lb
/ft2
)
Vel = 20 ft/s, φ = 160 deg
Hole 1
Hole 2
Hole 3
Hole 4
Hole 5
Hole 6
Hole 7
q
∞
Figure C.69: Pressure data at 20 ft/s and a roll
angle of 160 deg.
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Figure C.70: Pressure data at 20 ft/s and a roll
angle of 165 deg.
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Figure C.71: Pressure data at 20 ft/s and a roll
angle of 170 deg.
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Figure C.72: Pressure data at 20 ft/s and a roll
angle of 175 deg.
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Figure C.73: Pressure data at 30 ft/s and a roll
angle of 0 deg.
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Figure C.74: Pressure data at 30 ft/s and a roll
angle of 5 deg.
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Figure C.75: Pressure data at 30 ft/s and a roll
angle of 10 deg.
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Figure C.76: Pressure data at 30 ft/s and a roll
angle of 15 deg.
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Figure C.77: Pressure data at 30 ft/s and a roll
angle of 20 deg.
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Figure C.78: Pressure data at 30 ft/s and a roll
angle of 25 deg.
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Figure C.79: Pressure data at 30 ft/s and a roll
angle of 30 deg.
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Figure C.80: Pressure data at 30 ft/s and a roll
angle of 35 deg.
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Figure C.81: Pressure data at 30 ft/s and a roll
angle of 40 deg.
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Figure C.82: Pressure data at 30 ft/s and a roll
angle of 45 deg.
405
−60 −40 −20  0  20  40  60
−1.75
−1.50
−1.25
−1.00
−0.75
−0.50
−0.25
 0.00
 0.25
 0.50
 0.75
 1.00
 1.25
θ (deg)
pr
es
su
re
 (lb
/ft2
)
Vel = 30 ft/s, φ = 50 deg
Hole 1
Hole 2
Hole 3
Hole 4
Hole 5
Hole 6
Hole 7
q
∞
Figure C.83: Pressure data at 30 ft/s and a roll
angle of 50 deg.
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Figure C.84: Pressure data at 30 ft/s and a roll
angle of 55 deg.
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Figure C.85: Pressure data at 30 ft/s and a roll
angle of 60 deg.
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Figure C.86: Pressure data at 30 ft/s and a roll
angle of 65 deg.
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Figure C.87: Pressure data at 30 ft/s and a roll
angle of 70 deg.
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Figure C.88: Pressure data at 30 ft/s and a roll
angle of 75 deg.
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Figure C.89: Pressure data at 30 ft/s and a roll
angle of 80 deg.
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Figure C.90: Pressure data at 30 ft/s and a roll
angle of 85 deg.
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Figure C.91: Pressure data at 30 ft/s and a roll
angle of 90 deg.
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Figure C.92: Pressure data at 30 ft/s and a roll
angle of 95 deg.
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Figure C.93: Pressure data at 30 ft/s and a roll
angle of 100 deg.
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Figure C.94: Pressure data at 30 ft/s and a roll
angle of 105 deg.
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Figure C.95: Pressure data at 30 ft/s and a roll
angle of 110 deg.
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Figure C.96: Pressure data at 30 ft/s and a roll
angle of 115 deg.
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Figure C.97: Pressure data at 30 ft/s and a roll
angle of 120 deg.
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Figure C.98: Pressure data at 30 ft/s and a roll
angle of 125 deg.
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Figure C.99: Pressure data at 30 ft/s and a roll
angle of 130 deg.
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Figure C.100: Pressure data at 30 ft/s and a roll
angle of 135 deg.
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Figure C.101: Pressure data at 30 ft/s and a roll
angle of 140 deg.
−60 −40 −20  0  20  40  60
−1.75
−1.50
−1.25
−1.00
−0.75
−0.50
−0.25
 0.00
 0.25
 0.50
 0.75
 1.00
 1.25
θ (deg)
pr
es
su
re
 (lb
/ft2
)
Vel = 30 ft/s, φ = 145 deg
Hole 1
Hole 2
Hole 3
Hole 4
Hole 5
Hole 6
Hole 7
q
∞
Figure C.102: Pressure data at 30 ft/s and a roll
angle of 145 deg.
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Figure C.103: Pressure data at 30 ft/s and a roll
angle of 150 deg.
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Figure C.104: Pressure data at 30 ft/s and a roll
angle of 155 deg.
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Figure C.105: Pressure data at 30 ft/s and a roll
angle of 160 deg.
−60 −40 −20  0  20  40  60
−1.75
−1.50
−1.25
−1.00
−0.75
−0.50
−0.25
 0.00
 0.25
 0.50
 0.75
 1.00
 1.25
θ (deg)
pr
es
su
re
 (lb
/ft2
)
Vel = 30 ft/s, φ = 165 deg
Hole 1
Hole 2
Hole 3
Hole 4
Hole 5
Hole 6
Hole 7
q
∞
Figure C.106: Pressure data at 30 ft/s and a roll
angle of 165 deg.
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Figure C.107: Pressure data at 30 ft/s and a roll
angle of 170 deg.
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Figure C.108: Pressure data at 30 ft/s and a roll
angle of 175 deg.
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Figure C.109: Pressure data at 40 ft/s and a roll
angle of 0 deg.
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Figure C.110: Pressure data at 40 ft/s and a roll
angle of 5 deg.
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Figure C.111: Pressure data at 40 ft/s and a roll
angle of 10 deg.
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Figure C.112: Pressure data at 40 ft/s and a roll
angle of 15 deg.
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Figure C.113: Pressure data at 40 ft/s and a roll
angle of 20 deg.
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Figure C.114: Pressure data at 40 ft/s and a roll
angle of 25 deg.
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Figure C.115: Pressure data at 40 ft/s and a roll
angle of 30 deg.
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Figure C.116: Pressure data at 40 ft/s and a roll
angle of 35 deg.
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Figure C.117: Pressure data at 40 ft/s and a roll
angle of 40 deg.
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Figure C.118: Pressure data at 40 ft/s and a roll
angle of 45 deg.
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Figure C.119: Pressure data at 40 ft/s and a roll
angle of 50 deg.
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Figure C.120: Pressure data at 40 ft/s and a roll
angle of 55 deg.
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Figure C.121: Pressure data at 40 ft/s and a roll
angle of 60 deg.
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Figure C.122: Pressure data at 40 ft/s and a roll
angle of 65 deg.
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Figure C.123: Pressure data at 40 ft/s and a roll
angle of 70 deg.
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Figure C.124: Pressure data at 40 ft/s and a roll
angle of 75 deg.
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Figure C.125: Pressure data at 40 ft/s and a roll
angle of 80 deg.
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Figure C.126: Pressure data at 40 ft/s and a roll
angle of 85 deg.
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Figure C.127: Pressure data at 40 ft/s and a roll
angle of 90 deg.
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Figure C.128: Pressure data at 40 ft/s and a roll
angle of 95 deg.
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Figure C.129: Pressure data at 40 ft/s and a roll
angle of 100 deg.
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Figure C.130: Pressure data at 40 ft/s and a roll
angle of 105 deg.
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Figure C.131: Pressure data at 40 ft/s and a roll
angle of 110 deg.
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Figure C.132: Pressure data at 40 ft/s and a roll
angle of 115 deg.
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Figure C.133: Pressure data at 40 ft/s and a roll
angle of 120 deg.
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Figure C.134: Pressure data at 40 ft/s and a roll
angle of 125 deg.
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Figure C.135: Pressure data at 40 ft/s and a roll
angle of 130 deg.
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Figure C.136: Pressure data at 40 ft/s and a roll
angle of 135 deg.
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Figure C.137: Pressure data at 40 ft/s and a roll
angle of 140 deg.
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Figure C.138: Pressure data at 40 ft/s and a roll
angle of 145 deg.
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Figure C.139: Pressure data at 40 ft/s and a roll
angle of 150 deg.
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Figure C.140: Pressure data at 40 ft/s and a roll
angle of 155 deg.
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Figure C.141: Pressure data at 40 ft/s and a roll
angle of 160 deg.
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Figure C.142: Pressure data at 40 ft/s and a roll
angle of 165 deg.
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Figure C.143: Pressure data at 40 ft/s and a roll
angle of 170 deg.
−60 −40 −20  0  20  40  60
−3.2
−2.4
−1.6
−0.8
 0.0
 0.8
 1.6
 2.4
θ (deg)
pr
es
su
re
 (lb
/ft2
)
Vel = 40 ft/s, φ = 175 deg
Hole 1
Hole 2
Hole 3
Hole 4
Hole 5
Hole 6
Hole 7
q
∞
Figure C.144: Pressure data at 40 ft/s and a roll
angle of 175 deg.
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C.2 7-Hole Probe Calibration Data
Presentation of calibration data is similar to that shown in Zilliac [57, 58]. For each calibration velocity,
the data are shown in four groups starting with the direction coeﬃcients for holes 1 through 6. Then the
total coeﬃcients and static coeﬃcients are shown for holes 1 through 6. Finally the coeﬃcients for hole
7 are given. The symbols shown in the ﬁgures correspond to the diﬀerent roll angles (φ), and the legend
is presented in Fig. C.145. The dotted lines in the direction coeﬃcient plots correspond to constant cone
angles (θ).
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Figure C.145: Legend of the roll angles (φ) for the 7-hole probe calibration data.
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Figure C.146: Direction coeﬃcients for hole 1 at
10 ft/s.
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Figure C.147: Direction coeﬃcients for hole 2 at
10 ft/s.
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Figure C.148: Direction coeﬃcients for hole 3 at
10 ft/s.
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Figure C.149: Direction coeﬃcients for hole 4 at
10 ft/s.
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Figure C.150: Direction coeﬃcients for hole 5 at
10 ft/s.
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Figure C.151: Direction coeﬃcients for hole 6 at
10 ft/s.
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Figure C.152: Total pressure coeﬃcients for hole 1
at 10 ft/s.
 0 10 20 30 40 50 60
−0.8
−0.6
−0.4
−0.2
  0 
 0.2
−0.8
θ (deg)
C t
ot
al
Sector 2
Figure C.153: Total pressure coeﬃcients for hole 2
at 10 ft/s.
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Figure C.154: Total pressure coeﬃcients for hole 3
at 10 ft/s.
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Figure C.155: Total pressure coeﬃcients for hole 4
at 10 ft/s.
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Figure C.156: Total pressure coeﬃcients for hole 5
at 10 ft/s.
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Figure C.157: Total pressure coeﬃcients for hole 6
at 10 ft/s.
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Figure C.158: Static pressure coeﬃcients for hole 1
at 10 ft/s.
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Figure C.159: Static pressure coeﬃcients for hole 2
at 10 ft/s.
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Figure C.160: Static pressure coeﬃcients for hole 3
at 10 ft/s.
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Figure C.161: Static pressure coeﬃcients for hole 4
at 10 ft/s.
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Figure C.162: Static pressure coeﬃcients for hole 5
at 10 ft/s.
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Figure C.163: Static pressure coeﬃcients for hole 6
at 10 ft/s.
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Figure C.164: Direction coeﬃcients for hole 7 at
10 ft/s.
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Figure C.165: Total pressure coeﬃcients for hole 7
at 10 ft/s.
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Figure C.166: Static pressure coeﬃcients for hole 7 at 10 ft/s.
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Figure C.167: Direction coeﬃcients for hole 1 at
20 ft/s.
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Figure C.168: Direction coeﬃcients for hole 2 at
20 ft/s.
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Figure C.169: Direction coeﬃcients for hole 3 at
20 ft/s.
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Figure C.170: Direction coeﬃcients for hole 4 at
20 ft/s.
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Figure C.171: Direction coeﬃcients for hole 5 at
20 ft/s.
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Figure C.172: Direction coeﬃcients for hole 6 at
20 ft/s.
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Figure C.173: Total pressure coeﬃcients for hole 1
at 20 ft/s.
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Figure C.174: Total pressure coeﬃcients for hole 2
at 20 ft/s.
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Figure C.175: Total pressure coeﬃcients for hole 3
at 20 ft/s.
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Figure C.176: Total pressure coeﬃcients for hole 4
at 20 ft/s.
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Figure C.177: Total pressure coeﬃcients for hole 5
at 20 ft/s.
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Figure C.178: Total pressure coeﬃcients for hole 6
at 20 ft/s.
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Figure C.179: Static pressure coeﬃcients for hole 1
at 20 ft/s.
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Figure C.180: Static pressure coeﬃcients for hole 2
at 20 ft/s.
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Figure C.181: Static pressure coeﬃcients for hole 3
at 20 ft/s.
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Figure C.182: Static pressure coeﬃcients for hole 4
at 20 ft/s.
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Figure C.183: Static pressure coeﬃcients for hole 5
at 20 ft/s.
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Figure C.184: Static pressure coeﬃcients for hole 6
at 20 ft/s.
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Figure C.185: Direction coeﬃcients for hole 7 at
20 ft/s.
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Figure C.186: Total pressure coeﬃcients for hole 7
at 20 ft/s.
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Figure C.187: Static pressure coeﬃcients for hole 7 at 20 ft/s.
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Figure C.188: Direction coeﬃcients for hole 1 at
30 ft/s.
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Figure C.189: Direction coeﬃcients for hole 2 at
30 ft/s.
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Figure C.190: Direction coeﬃcients for hole 3 at
30 ft/s.
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Figure C.191: Direction coeﬃcients for hole 4 at
30 ft/s.
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Figure C.192: Direction coeﬃcients for hole 5 at
30 ft/s.
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Figure C.193: Direction coeﬃcients for hole 6 at
30 ft/s.
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Figure C.194: Total pressure coeﬃcients for hole 1
at 30 ft/s.
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Figure C.195: Total pressure coeﬃcients for hole 2
at 30 ft/s.
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Figure C.196: Total pressure coeﬃcients for hole 3
at 30 ft/s.
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Figure C.197: Total pressure coeﬃcients for hole 4
at 30 ft/s.
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Figure C.198: Total pressure coeﬃcients for hole 5
at 30 ft/s.
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Figure C.199: Total pressure coeﬃcients for hole 6
at 30 ft/s.
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Figure C.200: Static pressure coeﬃcients for hole 1
at 30 ft/s.
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Figure C.201: Static pressure coeﬃcients for hole 2
at 30 ft/s.
 0 10 20 30 40 50 60
−1
 0
 1
 2
 3
 4
 5
θ (deg)
C s
ta
tic
Sector 3
Figure C.202: Static pressure coeﬃcients for hole 3
at 30 ft/s.
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Figure C.203: Static pressure coeﬃcients for hole 4
at 30 ft/s.
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Figure C.204: Static pressure coeﬃcients for hole 5
at 30 ft/s.
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Figure C.205: Static pressure coeﬃcients for hole 6
at 30 ft/s.
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Figure C.206: Direction coeﬃcients for hole 7 at
30 ft/s.
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Figure C.207: Total pressure coeﬃcients for hole 7
at 30 ft/s.
438
−30 −20 −10  0  10  20  30
−1
 0
 1
 2
 3
 4
 5
θ (deg)
C s
ta
tic
Sector 7
Figure C.208: Static pressure coeﬃcients for hole 7 at 30 ft/s.
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Figure C.209: Direction coeﬃcients for hole 1 at
40 ft/s.
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Figure C.210: Direction coeﬃcients for hole 2 at
40 ft/s.
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Figure C.211: Direction coeﬃcients for hole 3 at
40 ft/s.
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Figure C.212: Direction coeﬃcients for hole 4 at
40 ft/s.
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Figure C.213: Direction coeﬃcients for hole 5 at
40 ft/s.
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Figure C.214: Direction coeﬃcients for hole 6 at
40 ft/s.
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Figure C.215: Total pressure coeﬃcients for hole 1
at 40 ft/s.
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Figure C.216: Total pressure coeﬃcients for hole 2
at 40 ft/s.
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Figure C.217: Total pressure coeﬃcients for hole 3
at 40 ft/s.
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Figure C.218: Total pressure coeﬃcients for hole 4
at 40 ft/s.
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Figure C.219: Total pressure coeﬃcients for hole 5
at 40 ft/s.
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Figure C.220: Total pressure coeﬃcients for hole 6
at 40 ft/s.
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Figure C.221: Static pressure coeﬃcients for hole 1
at 40 ft/s.
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Figure C.222: Static pressure coeﬃcients for hole 2
at 40 ft/s.
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Figure C.223: Static pressure coeﬃcients for hole 3
at 40 ft/s.
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Figure C.224: Static pressure coeﬃcients for hole 4
at 40 ft/s.
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Figure C.225: Static pressure coeﬃcients for hole 5
at 40 ft/s.
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Figure C.226: Static pressure coeﬃcients for hole 6
at 40 ft/s.
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Figure C.227: Direction coeﬃcients for hole 7 at
40 ft/s.
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Figure C.228: Total pressure coeﬃcients for hole 7
at 40 ft/s.
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Figure C.229: Static pressure coeﬃcients for hole 7 at 40 ft/s.
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Appendix D
7-Hole Probe Results for a Set of
Known Velocities and Angles
Ninety-nine points with a known velocity, α, and β were measured with the 7-hole probe to test the calibration
results. Table D.1 show the results of these measurements. The ﬁrst three columns are the known values.
The known velocity was measured from the tunnel static ports and the angles were measured using the
tunnel turn table and the manual stage of the calibration rig. While these angles are taken as “known,”
there could be a small error in their values due to how the probe was mounted. The error should be very
small. The next three columns of data are the results from the 7-hole probe, and the last three columns are
the absolute diﬀerence between the known and measured values. An average error of less than 0.2 ft/s was
found for the velocity, an error of less than 0.9 deg for α, and an error of less than 1.1 deg for β.
Table D.1: 7-Hole Probe Results for Known Conditions
V α β V Probe α Probe β Probe |V | |α| |β|
(ft/s) (deg) (deg) (ft/s) (deg) (deg) (ft/s) (deg) (deg)
19.98923 0.00000 0.01190 19.83388 -0.69885 -0.58575 0.15535 0.69885 0.59765
39.85926 0.00000 0.01190 39.61302 -0.00244 -0.00445 0.24624 0.00244 0.01635
34.94048 0.00000 0.01190 34.66427 -0.00174 -0.00205 0.27622 0.00174 0.01395
26.94929 0.00000 0.01190 26.83418 -0.27919 -0.23265 0.11511 0.27919 0.24455
14.98785 0.00000 0.01190 14.92740 -0.27467 -0.81166 0.06045 0.27467 0.82356
10.03149 0.00000 0.01190 10.00500 0.46091 -1.44885 0.02649 0.46091 1.46075
7.97232 0.00000 0.01190 8.14400 -0.51057 -1.82496 0.17168 0.51057 1.83686
6.05848 0.00000 0.01190 6.29081 0.10381 -1.35189 0.23233 0.10381 1.36379
3.97133 0.00000 0.01190 4.36167 -2.29564 0.03142 0.39034 2.29564 0.01952
25.09643 0.00000 0.01170 24.82058 -0.31131 -0.25956 0.27585 0.31131 0.27126
20.06131 0.00000 0.01170 19.84493 -0.46127 -0.38610 0.21638 0.46127 0.39780
19.94994 0.00000 4.99700 19.79845 -0.35229 3.97425 0.15149 0.35229 1.02275
35.00559 0.00000 4.99700 34.71250 -0.22563 4.19368 0.29309 0.22563 0.80332
Continued on next page
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V α β V Probe α Probe β Probe |V | |α| |β|
(ft/s) (deg) (deg) (ft/s) (deg) (deg) (ft/s) (deg) (deg)
11.96887 0.00000 4.99700 11.85604 -0.10022 2.77693 0.20180 0.20927 1.50158
8.01879 0.00000 4.99700 8.06409 -0.04534 2.10039 0.04530 0.04534 2.89661
4.00269 0.00000 4.99700 4.16275 -0.87422 1.93204 0.16007 0.87422 3.06496
4.14072 0.00000 15.97680 4.14180 -0.26181 13.59978 0.00108 0.26181 2.37702
8.06654 0.00000 15.97680 7.92798 -0.89273 13.65088 0.13856 0.89273 2.32592
14.03328 0.00000 15.97680 13.87566 -0.50609 14.23783 0.15762 0.50609 1.73897
27.00822 0.00000 15.97680 26.65993 -0.20273 15.44444 0.34829 0.20273 0.53237
38.98836 0.00000 15.97680 38.57360 -0.08007 15.68995 0.41476 0.08007 0.28685
39.10133 0.00000 24.98010 38.45770 -0.61474 24.57053 0.64364 0.61474 0.40957
13.99134 0.00000 24.98010 13.71994 -1.06376 23.44859 0.27139 1.06376 1.53151
3.97991 0.00000 24.98010 4.06099 0.19623 22.22050 0.08109 0.19623 2.75960
4.02433 0.00000 46.95190 3.73679 -0.52823 45.95627 0.28754 0.52823 0.99563
10.99110 0.00000 46.95190 10.80830 -2.08531 45.20394 0.18280 2.08531 1.74796
27.02089 0.00000 46.95190 26.89212 -0.89173 45.92385 0.12877 0.89173 1.02805
34.05084 0.00000 46.95190 34.04861 -0.44959 45.87579 0.00223 0.44959 1.07611
33.89358 0.00000 -34.97540 33.55884 -0.35696 -35.98003 0.33474 0.35696 1.00463
21.00567 0.00000 -34.97540 20.77850 -0.76974 -36.41498 0.22717 0.76974 1.43958
12.98411 0.00000 -34.97540 13.09417 -0.76899 -36.50362 0.11006 0.76899 1.52822
4.00936 0.00000 -34.97540 4.03617 1.51262 -34.80911 0.02682 1.51262 0.16629
20.05028 -0.00033 -0.00379 19.82901 -0.68686 -0.57640 0.22128 0.68653 0.57261
37.03592 -0.00033 -0.00379 36.73187 0.04678 -0.08185 0.30405 0.04711 0.07807
14.99281 -0.00033 -0.00379 14.81343 -0.95311 -0.89948 0.17938 0.95278 0.89569
5.03171 -0.00033 -0.00379 5.13446 -1.29504 -1.49914 0.10276 1.29471 1.49535
4.89145 -5.92692 -49.72650 4.65218 -9.59712 -55.00221 0.23927 3.67021 5.27572
13.01709 -5.92692 -49.72650 12.84492 -6.82656 -52.57853 0.17217 0.89965 2.85203
32.01557 -5.92692 -49.72650 31.85889 -6.63467 -50.97789 0.15667 0.70775 1.25139
31.95565 -2.99778 -30.86928 31.73208 -3.80139 -31.93540 0.22357 0.80361 1.06612
27.03530 -2.99778 -30.86928 26.88360 -3.85072 -32.18588 0.15170 0.85294 1.31660
15.98213 -2.99778 -30.86928 15.91827 -4.30101 -32.90040 0.06386 1.30323 2.03111
6.04696 -2.99778 -30.86928 5.81542 -3.22068 -34.18520 0.23153 0.22291 3.31591
6.10635 1.52474 16.91652 6.10345 0.22218 14.59085 0.00291 1.30257 2.32567
Continued on next page
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V α β V Probe α Probe β Probe |V | |α| |β|
(ft/s) (deg) (deg) (ft/s) (deg) (deg) (ft/s) (deg) (deg)
21.04094 1.52474 16.91652 20.75784 1.23340 15.50101 0.28309 0.29134 1.41551
33.00929 1.52474 16.91652 32.76169 1.21383 16.26145 0.24760 0.31091 0.65507
33.00087 4.18093 39.80518 33.15771 3.59629 38.44497 0.15684 0.58464 1.36021
24.99770 4.18093 39.80518 24.93271 3.35286 38.24785 0.06499 0.82807 1.55733
11.00091 4.18093 39.80518 10.98480 3.02022 37.31797 0.01610 1.16071 2.48721
4.02693 4.18093 39.80518 4.01289 2.98631 35.70940 0.01404 1.19462 4.09578
34.94868 -0.00329 -0.00190 34.68467 -0.26059 -0.10424 0.26402 0.25730 0.10234
16.97576 -0.00329 -0.00190 16.74333 -1.20375 -0.76259 0.23243 1.20046 0.76069
5.05605 -0.00329 -0.00190 5.10107 -1.44222 -0.03817 0.04502 1.43893 0.03627
4.94761 -42.86592 -21.44305 4.54321 -48.80439 -21.81873 0.40440 5.93847 0.37568
19.02081 -42.86592 -21.44305 18.88125 -44.68295 -21.44415 0.13957 1.81703 0.00110
33.99506 -42.86592 -21.44305 33.87344 -43.70822 -21.33174 0.12162 0.84230 0.11131
34.02824 -8.70262 -4.99249 33.84987 -9.34509 -5.19087 0.17837 0.64246 0.19838
19.97588 -8.70262 -4.99249 19.83114 -9.91338 -5.37649 0.14474 1.21076 0.38399
8.07561 -8.70262 -4.99249 8.19360 -10.52984 -5.39985 0.11799 1.82721 0.40736
8.10425 28.40293 15.35642 8.07685 26.46276 14.39368 0.02740 1.94017 0.96274
15.99814 28.40293 15.35642 16.17252 26.93459 14.25184 0.17437 1.46834 1.10458
32.99574 28.40293 15.35642 33.18178 27.82970 14.57747 0.18604 0.57323 0.77895
36.90599 -0.00370 0.01381 36.61033 -0.00134 -0.00014 0.29566 0.00236 0.01395
24.02480 -0.00370 0.01381 23.76915 -0.27869 -0.23221 0.25565 0.27499 0.24602
4.04014 -0.00370 0.01381 4.00938 0.11737 -0.48990 0.03076 0.12107 0.50371
4.08255 -6.87847 24.08296 3.69053 -10.88596 23.24042 0.39202 4.00749 0.84254
18.01153 -6.87847 24.08296 18.01809 -7.35850 22.81518 0.00656 0.48003 1.26778
34.00955 -6.87847 24.08296 34.28846 -7.40743 23.44763 0.27891 0.52895 0.63533
34.05529 -18.31506 49.54630 34.75221 -17.53346 47.90380 0.69692 0.78160 1.64250
23.02278 -18.31506 49.54630 23.37014 -18.60734 47.68637 0.34736 0.29228 1.85993
5.98150 -18.31506 49.54630 5.83271 -18.63697 47.98689 0.14879 0.32191 1.55941
5.99976 3.96180 -14.45891 5.73229 3.38201 -16.33064 0.26746 0.57980 1.87172
12.96000 3.96180 -14.45891 12.95844 3.60326 -16.73069 0.00156 0.35854 2.27177
29.99799 3.96180 -14.45891 29.82193 3.76614 -15.37101 0.17606 0.19566 0.91210
34.94784 0.00389 -0.00389 34.67216 -0.00083 -0.00264 0.27569 0.00472 0.00125
Continued on next page
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V α β V Probe α Probe β Probe |V | |α| |β|
(ft/s) (deg) (deg) (ft/s) (deg) (deg) (ft/s) (deg) (deg)
19.96285 0.00389 -0.00389 19.81086 -0.48434 -0.40554 0.15199 0.48823 0.40165
6.97015 0.00389 -0.00389 7.09953 0.70990 -1.07528 0.12939 0.70601 1.07139
7.01438 35.23715 -29.98331 6.98715 35.16859 -30.72833 0.02723 0.06856 0.74502
17.09106 35.23715 -29.98331 17.01439 35.40603 -30.71929 0.07666 0.16888 0.73597
30.97954 35.23715 -29.98331 31.03872 35.47666 -30.11982 0.05918 0.23951 0.13651
30.96862 22.21299 -20.70913 30.92011 22.32079 -21.64350 0.04851 0.10780 0.93437
38.95414 22.21299 -20.70913 38.83070 22.27211 -21.36726 0.12344 0.05912 0.65813
21.99119 22.21299 -20.70913 21.97800 22.53683 -22.02232 0.01319 0.32384 1.31319
4.01900 22.21299 -20.70913 4.23708 27.09786 -17.70020 0.21808 4.88487 3.00893
4.29756 -5.66942 5.64186 4.13487 -3.17432 3.40352 0.16269 2.49509 2.23834
13.99292 -5.66942 5.64186 13.74609 -5.45548 4.40494 0.24683 0.21394 1.23692
25.96373 -5.66942 5.64186 25.77775 -5.19639 4.65283 0.18598 0.47302 0.98903
35.04795 -0.01178 0.00316 34.81772 0.00052 -0.00132 0.23023 0.01230 0.00448
20.04741 -0.01178 0.00316 19.82822 -0.34026 -0.28461 0.21918 0.32847 0.28776
10.04429 -0.01178 0.00316 9.97252 0.45514 -1.19940 0.07176 0.46693 1.20256
10.00472 -36.99138 9.15863 9.69734 -37.78832 8.39639 0.30738 0.79694 0.76223
4.00725 -36.99138 9.15863 3.55104 -44.75081 9.95422 0.45621 7.75943 0.79559
30.00080 -36.99138 9.15863 29.47451 -37.09996 9.42604 0.52629 0.10858 0.26742
29.88107 -21.33809 5.56867 29.31393 -21.09038 5.53124 0.56714 0.24771 0.03743
18.05565 -21.33809 5.56867 17.64372 -20.72329 5.44579 0.41194 0.61479 0.12288
5.91167 -21.33809 5.56867 5.81124 -20.26003 4.84048 0.10043 1.07806 0.72819
6.05427 3.84480 -1.02933 6.02651 4.15735 -1.34460 0.02776 0.31255 0.31527
21.96301 3.84480 -1.02933 21.74687 4.04046 -1.70101 0.21614 0.19566 0.67168
37.96044 3.84480 -1.02933 37.72460 3.78727 -1.06046 0.23584 0.05753 0.03113
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